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ABSTRACT

Integrity of spent nuclear fuel (SNF) interim storage canisters is very important to the safety of the back-
end nuclear fuel cycle. Stress corrosion cracking (SCC) potential of interim storage canister has been
considered as a high priority. Because no post-weld heat treatment was required for forming these
canisters, the high tensile residual stress existed within these canister welds. This can change the fracture
resistance capacity significantly as well as increase SCC potential. Due to relative thin shell thickness of a
canister weldment, the spiral notch torsion test (SNTT) method was used to estimate the canister
weldment fracture toughness. SNTT was developed to measure the intrinsic fracture toughness of
structural materials using small specimens. The SNTT method has been applied to a wide variety of
structural materials, such as low-alloy steels, stainless steel, aluminum alloy, ceramics, concrete, and
composites. The SNTT system operates by applying pure torsion to cylindrical specimens with a notch
line that spirals around the specimen at a 45° pitch. In order to carry out pure torsion load mode, biaxial

tension/torsion tester was developed accordingly to perform SNTT protocol.

Moreover, applying fracture mechanics approach to SNF system reliability investigation is warranted due
to the inherent flaws and hydride structures existed in a SNF system after nuclear reactor operation.
However, none of the existing fracture toughness data deal with fuel cladding specific geometry or spent
fuel material conditions, such as cladding structure with the pellet-inserts and the associated pellet clad
mechanical interactions induced mixed-mode damage mechanisms. Thus, the development of an intrinsic
fracture mechanics approach that is suitable for SNF materials is needed. Furthermore, due to thin wall
and small dimension of clad tubing structure, the SNTT method was used to estimate the clad tubing

structure fracture toughness.

Fracture testing were performed on the received stainless steel canister weldment, most SNTT weld
samples fracture initiation sites are at heat-affected zone (HAZ) regions. The estimated fracture
toughness Jo” for the baseline SS304 steel is at 283 kJ/m?. The estimated Jo’ for the SS304/308 weld and
baseline metals are 148 kJ/m? and 459 kJ/m?, respectively.

Out of cell fracture testing for spent fuel structure were carried out on the surrogate rods made of Zr-4
clad and alumina inserts, the estimated fracture toughness values for baseline Zr-4 cladding with alumina-
pellet inserts are: (1) For SNTT samples with a short or medium crack length, between 5.4-mm and 8-
mm, the estimate Jiq upon fracture initiation for the baseline Zr-4 cladding is at 50 kJ/m? with 2-sigma
uncertainty of 3.26 kJ/m?, and the associated Kiq is at 67.46 MPaVm; and (2) For SNTT samples with a

long crack length, around 13-mm, the crack initialization is deviated from that of the Mode-I tensile



fracture and appears to be a mixed-mode fracture of Mode I - tensile stress and Mode III - out of plane

shear stress; the estimated Jumq is at 18.9 kJ/m?, the associated Kwmq is at 41.4 MPaVm.
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1. INTRODUCTION
1.1 Dry storage canister weldment integrity

Stress corrosion cracking (SCC) of interim storage canisters [1] has been identified as a high priority. Due
to cold working and welding, high tensile weld residual stresses (WRS) exist in the canister weld metal.
WRS are function of weld geometry, sample thickness, base metal properties, and welding procedures.
Thus, WRS are specific and can only be effectively measured from a mockup weld formed with the
identical procedures as that of the real canisters. Weld residual strains have been measured by neutron
diffraction and interpreted in terms of residual stresses in a stainless steel (SS) longitudinal welded plate
removed from a Sandia mockup canister [2]. The general observations from the neutron residual stress
mapping study on the received Sandia mockup weld plates are: The maximum tensile residual stress of
439 MPa, located in fusion zone (FZ) orientated in the axial direction, is much higher than the yield stress
of 200 MPa for the 304L and 308L SS metals; and it is expected to above the yield stress of the weld.
Furthermore, based on Lincoln SAW 308/308L weld [3,4], the yield stress and UTS for 308/308L weld
are 380 MPa and 565 MPa, respectively. The residual axial tensile stress also indicates that tensile
stresses exist throughout the thickness of the weldment in the FZ, including HAZ region up to 10-mm
away from the weld toe (i.e., the edge of FZ), and the associated maximum axial tensile residual stress is
at 272 MPa [2]. Typically, weld FZ has the highest residual stresses; however, the HAZ regions is most
likely to trigger the fracture due to relatively low fracture toughness, or to initiate SCC due to

sensitization from the welding process.

Because no post-weld heat treatment was required for forming these canisters, the high tensile residual
stress existed within these received canister welds. This can change the fracture resistance capacity
significantly as well as increase SCC potential. Due to relative thin shell thickness of a canister weldment,
the spiral notch torsion test (SNTT) method of small specimen approach was used to estimate the canister
weldment fracture toughness. For the ductile SS weldment material, a path-independent J-integral
method, that can characterize the fracture behavior for the elastic-plastic and fully plastic conditions, was

used for fracture toughness evaluation [5-7].

1.2 Spent nuclear fuel clad-pellets structure integrity

Fracture mechanics approach in applying to spent nuclear fuel (SNF) system reliability investigation,
especially for the high burn-up (HBU) SNF, during SNF long term dry storage or SNF transportation is
necessary. This is because inherited flaws and inhomogeneous structures existed in a SNF system from

the nuclear reactor operation, such as hydride and oxide formation, surface flaw induced by SNF

1



assembly contact interactions, or internal flaws induced by pellet-clad mechanical interaction (PCMI).
Through-thickness crack propagation and fracture toughness of hydride zirconium alloys has been
studied [8-11]; it appears that hydride content/profile has a significant effect on zirconium alloys fracture
toughness. However, none of the existing fracture toughness data deal with fuel cladding specific
geometry or SNF material conditions, such as cladding structure with the segment fuel pellet inserts
configuration and the potential PCMI induced mixed-mode failure mechanisms. Consequently, the
application of existing fracture toughness data to SNF system reliability investigation can be error prone;

thus, the development of an in-situ fracture mechanics approach for SNF materials is needed.

The objective of SNF toughness research is to develop an in-situ fracture toughness testing protocol,
including the associated analytical procedure that is suitable for evaluating the SNF system fracture
toughness. Due to thin wall and small diameter of a Zr-4 cladding structure, the SNTT method was used
to carry out the clad-pellet structure fracture toughness tests. For the ductile Zr-4 cladding material, a

path-independent J-integral method was used for fracture toughness evaluation.

2. BACKGROUND OF SNTT APPROACH

Adequate toughness is an essential attribute of structure systems design. American Society for Testing
and Materials (ASTM) standard test methods, Standard Test Method for Plane-Strain Fracture
Toughness of Metallic Materials (E399), are widely used to determine fracture toughness of metallic
materials, using compact tension and compact disk tension specimens having thickness and volume
sufficient to ensure the plane-strain condition at the crack front. Meeting the requirements is difficult and
impractical because structure systems materials to be investigated may be geometrically unsuitable and/or
have insufficient volume for making the standard specimen. Therefore, use of small specimens for

fracture toughness measurement is essential, and SNTT approach was developed to meet this criterion.

Despite the international efforts on the development of small specimen testing techniques, no methods
currently exist for direct measurement of fracture toughness from small specimens without a concern for
size effect. Unlike the conventional test methods, the SNTT method is capable of testing small rod
specimens that bear no resemblance to conventional compact tension specimens nor using conventional

mode of loading.

2.1 Spiral notch torsion test system

SNTT servo-hydraulic biaxial test system (Fig. 1) was developed for determining fracture toughness

values for a wide spectrum of materials ranging from ductile to brittle materials. Test results obtained for
2



steel, aluminum, stainless steel, graphite and mullite ceramic were compared and validated with those

reported in the open literature [12-20].

Fig. 1. SNTT test sample set-up, including the biaxial extensometer.

The SNTT test system operates by applying pure torsion to cylindrical specimens having a notch line that
spirals around the specimen at a 45° pitch angle. The pure torsion creates a uniform equibiaxial
tension/compression stress field on each of concentric cylinders and the grooved line effectively becomes
a Mode I crack mouth opening. It is not difficult to visualize that the rod specimen is a different
manifestation of a compact-tension specimen having a thickness equivalent to the total length of the spiral
notch. Compact-tension specimen testing lacks a method to uniformly distribute applied load throughout
the entire specimen thickness because the stresses at and near the two free surfaces are anomalous,
resulting in shear lip formation often discernible in fractured specimens. In contrast, the torque load
acting on every cross-section along the rod specimen is the same and directly measurable. A plane-strain
condition is achieved on every plane normal to the spiral groove. Because of the plane strain and
axisymmetric constraint and the uniformity in the stress and strain fields, the crack front must propagate
perpendicularly toward the specimen axis along the conoids (Fig. 2). Post-mortem examination verified

the crack propagation behavior (Fig. 3).
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Fig. 2. Pure torsion loading schematic indicates that principal tensile stress profile is perpendicular to the 3-D

spiral curve at 45° pitch angle.

Crack propagation orientation

Fig. 3. Fractured 7475-T7351 aluminum SNTT specimen indicates the crack propagation orientation is
perpendicular and toward the cylinder central axis.

2.2 Non-coplanar crack front finite element analyses

Due to non-coplanar crack front of SNTT configuration and the lack of close form solutions, fracture

toughness of SNTT method was evaluated using 3-D finite element analysis and J-integral approach.
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Typically, a finite element model shown in Fig. 4a is used for brittle SNTT specimens with shallow crack

front and Fig. 4b is for ductile specimens with deep crack front. The SNTT FEA model normally contains

(a) Shallow crack (b) Deep fatigue precrack

Fig. 4. SNTT FEA Models (Left) used for brittle materials where no fatigue pre-crack required, and (Right) used
for ductile materials where deep crack is needed to increase the crack front constraint.

20-node quadratic brick elements with reduced integration and singular wedge element along crack front.
The ABAQUS code was used to simulate the 3-D spiral crack front and crack propagation orientation
during transition phases between fatigue crack growth and the final fracture under pure torsion loading, a

governing equation for estimating fatigue crack penetration depth was also developed accordingly [21].

2.2.1 SNTT finite element modeling methodology for ductile materials

The methodology used for developing finite element model (FEM) and the typical FEM analyses results
are illustrated in Fig. 5. The FEM designed for the ductile material SNTT fatigue pre-crack sample
characterization was used for demonstration. Due to high ductility of the 304/308 weld material, the
singular wedge element with quarter-node elements around crack tip was relaxed back to normal wedge
element with middle-node elements. The typical FEM analyses results are also shown in Figure 32, where
the tri-axial tensile stress profiles and the butterfly plastic process zone indicate a high geometry

constraint condition exists in the proposed SNTT fracture toughness testing protocol.



Spiral Notch

Crack tip

Fatigue pre-crack
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Fig. 5. (Left) Typical finite element models used for ductile material fracture toughness characterization, due to
high ductility of the 304/308 weld material, the singular wedge element with quarter-node element was relaxed
back to normal wedge element with middle-node element; (Right) Typical FEM analyses results that indicate tri-
axial tensile stress at near crack tip and butterfly plastic process zone around the crack tip, which indicate a high
geometry constraint toughness testing configuration.

2.2.2 The Evolution of SNTT Compliance and Fracture Resistance for Ductile Materials

Development of SNTT fatigue crack growth protocols in addition to single notch-front geometry is
essential for SNTT method in applying to ductile materials. The crack growth behavior of SNTT testing
protocols has been effectively established using an integrated experimental, numerical and analytical
approach, as illustrated in this section. The results indicate that the proposed protocol not only provides a
significant advance in understanding the compliance evolution of the SNTT specimen, but also can be
readily utilized to assist future developments in engineering structural materials performance reliability

investigation.



Systematic studies show that the SNTT-type specimen can effectively simulate the behavior of a thick
compact-tension specimen with thickness equal to the spiral groove length of the SNTT sample. Finite
element simulations were performed to obtain the energy release rates at different crack lengths (depth)
with the corresponding torques and rotation angles. By summarizing these numerical results, the
evolution of the SNTT compliance and the energy release rates were studied with respect to different
crack lengths. Two non-dimensional indices, the characteristic compliance and the characteristic energy
release rates of SNTT, were proposed to quantify the crack growth process of SNTT. Collapse trends
were observed between SNTT samples with different dimensions, as well as between samples made from
both steel and aluminum. Analytical models in both broken and unbroken ligament forms were proposed
to quantify the crack penetration depth based on these non-dimensional indices. The sensitivity in the
broken-ligament form facilitates the experiment measurements, which could be easily adapted by

industrial communities.

Fig. 6 (a) shows the systematic evolution of the crack growth in the SNTT sample with FEA simulations;
where the diameter of the cylinder is D, and a is the crack length. The ratio of crack length over diameter
increases from 0.10 to 0.45. The length of each model is the same during the crack growth process. Fig. 6
(b) shows the FEA deformation results for a/D=0.1 under end rotation of 0.002 radian [21]. Based on
FEA simulations and experimental verification input, the evolution of the compliance function and energy

release rate were developed as shown in Fig. 7 and Fig. 8.

Detailed studies show that the evolutions of compliance and fracture resistance of the SNTT sample
during the crack growth process can be unified together irrespective of specimen sizes and material types.
The evolutions of compliance and fracture resistance in SNTT process were formulated with simple

compliance governing equations as function of the ratios of crack lengths vs. the cylindrical diameter.

The finite element simulations were established with different crack lengths for selected SNTT specimens
verified by physical measurements. Steel and aluminum SNTT specimens were selected with two
diameters of 1.0 inch and 0.375 inch for analysis. The objective was to obtain the evolutions of both
compliance and the fracture resistance during the crack growth process for different types of SNTT

samples.
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Fig. 6. (a) The evolution of crack growth in the SNTT sample with FEA simulation models. (b) Single crack depth

example FEA displacement results, for a/D=0.10, D=0.375-inch, Steel, under end rotation theta=0.002 with ends
fixed at U1 and U2 orientations.



Fig. 7& Fig. 8 show the evolution of crack growth in an SNTT sample with a/D ratio increases from 0.10
to 0.45. Fig. 7a shows the compliance evolution of the SNTT sample with respect to different ratios of
crack length over diameter. To obtain a more sensitive response of the compliance evolution, a factor
was applied to account for the effect of unbroken ligament of the SNTT samples, which is graphed in Fig.
7b. It shows that the compliance evolution curves are the same for specimens with different materials or
sizes. y is the unit end rotation angle; 7 is the applied torque; u is the shear modulus; and R is the cylinder

radius.

Fig. 8a shows the fracture resistance evolution of the SNTT sample with respect to crack length over
diameter ratios. In order to obtain a more sensitive response of the compliance evolution, a factor also
was applied to account for the effect of unbroken ligament of the SNTT samples, which is shown in Fig.
8b. It was noted that fracture resistance curves are the same for specimens with different materials or
sizes. G is the energy release rate; 7T is the applied torque; @ is the associated rotation angle; A4 is the

cross-section area of the cylinder.
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Scaled SNTT Crack Growth Compliance Equation
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Fig. 7. (a) The unscaled compliance evolution with the crack growth; (b) The scaled compliance evolution along

the crack growth with unbroken ligament factor.

Unscaled SNTT Energy Release Rate Evolution Equation
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Scaled SNTT Energy Release Rate Evolution Equation
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Fig. 8. (a) The unscaled energy release rate evolution with the crack growth; (b) The scaled energy release rate
evolution along the crack growth with unbroken ligament factor.

2.2.3 Experimental verification on the developed SNTT fatigue crack compliance protocol

Experiment verification measurements were performed at different crack lengths during the cycle fatigue
process. Fatigued specimens were cut in cross sections, and crack penetration depths were measured and
compared with predictions from the developed SNTT compliance function. For the base material X52
pipe steel, a generally good agreement was observed between the crack length predictions and the
postmortem experimental measurement. For the welded X52 materials, good agreements were also
observed for most specimens. For some weld samples, crack deviation was observed during the cycle
fatigue process. The reason for this deviation is mainly related to the flaws/impurities distribution of the
welded material encountered in the fatigue pre-crack propagation path, based on postmortem
examination. In order to validate the analytical models, further analysis was carried out on the rotary
variable differential transformer (RVDT) measurement and finite element model predictions. The net
section of the SNTT specimen was modeled with the measured crack depth. By using the torque data
from the RVDT measurement, good agreement was observed between the predictions and the

measurement.
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X52 weld SNTT samples were fabricated from a segment of friction stir welded X52 steel pipe. The
thickness of the pipe is 0.5 inch and the diameter of SNTT samples was designed as 0.375 inch
accordingly. The SNTT specimen axis was parallel to the pipe cylinder axis. One complete loop of spiral
groove was machined on the X52 SNTT sample. The fractured X52 baseline SNTT sample is shown in
Fig. 9a, the detailed fatigue pre-crack area is shown in Fig. 9b, and the cross-section of fractured X52

weld SNTT sample is illustrated in Fig. 9c.

P sak Fatigue crack growth
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Fig. 9. The failed B2 specimen of X52 baseline sample, (a) entire view; (b) enlarged view of the middle section of
tested SNTT sample, (c) the fatigue pre-crack growth profile of X52 weld SNTT sample W2, where the crack
growth orientation is toward the central axis of the SNTT sample.

2.2.4 J-Integral analysis development for solid rod SNTT specimens

The J-integral represents a way to calculate the strain energy release rate, or work (energy) per unit
fracture surface area, in a material [22,23]. In 1968 J. R. Rice published papers in which he discussed the
potential of a path-independent integral, J, for characterizing fracture in non-linear-elastic materials. Rice

defined the J-integral for a cracked body as follows:

-y
]_ r nl laxl S

where W is the strain energy density function given by W= o; dejj, T; is the traction vector defined as T;
= ojjn;, o is the stress tensor, u is the displacement vector, I is a contour surrounding the crack tip in the

anticlockwise direction from the lower face to the upper face of the crack. n; are direction cosines of the
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outward normal on I, and ds is an infinitesimal arc length along I'.

The J-integral has been shown to be equivalent to the rate of release of the potential energy U with

respect to the crack extension [22]: for a body of thickness B,
10U

B da

Where, a represents crack length, and

U= fW(x,y)dA— f T;u;ds
A S

T

represents the system potential energy. Where A=area of the body and T; are u; are the tractions and

displacement, respectively, applied along the boundary I'.

An alternate and equivalent definition of J can be written as follow [24],

_1fA( aP> A
]_BO 6(1A ’

or,

These representations relate J to the rate of change with respect to crack size, a, of the area under the load
versus load-point-displacement, P versus A, curves. Here P is the force and the curves are generated for
different crack sizes, a, where specimens subjected to monotonic loading. This definition was used by

Begley and Landes in the experimental evaluation of the J versus A relation [6].

2.2.4.1 J-Integral for a deep spiral notch crack SNTT specimen under pure torsion

Rice first recognized that for configuration with a single characteristic dimension dominating the
deformation behavior such as uncracked ligament, b = W — a [24]. For a deeply cracked SNTT specimen,
the relative additional angle of the grip end rotation due to the presence of the crack, 6., can be estimate
from a dimensional analysis. Consider a SNTT rod specimen with diameter, D, subjected to a pure torsion
force, T,, which is transmitted through a narrow neck of width, » = D - a, between spiral crack front and
the cylinder free surface edge. For an applied torque 7, of SNTT configuration with the spiral crack front

length, B, the €. can be expressed as,

1 (2)
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The torque end rotation angle, G, can be regarded as the sum of the rotation angle without cracks, 6,
plus the rotation angle due to the introducing the crack, 0., i.e., o = G + 6.. And because 6,. does not

dependent on crack length, a, then
agtotal _ aec

da da

Thus, J can be written as:
[,
] B B 0 da Tq @
(@) _ (Bemmz) _ (agtotal> __ (@)
da Ty da Tq db Tq db Tq
Replace 6. with f(T,/Bb), and J can be written as:

-3 e (e

where
"=d dT"
fr=df/ (Bb
T, dT
_ pr(la) . %
deC_f(Bb) Bb
Hence,
_1 BCque— 1 OCT do
]_BO b ¢ BbJ, 17°

6 .
where, [ 0 ‘T, d @, is the area under the T - €. curve.

The alternative in implementing equation above is stated as following:
The full angle G, is usually measured. However, for a deeply cracked specimen, 6, is small and we can

usually assume that 8, = €.. Thus, J integral for SNTT approach can also be written as:

1 Ototal
J= %f Tq dGotar
0
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2.3 Typical SNTT experimental procedures and results

SNTT tests were performed on a biaxial testing system shown in Fig. 1. Shear strain was measured using
a biaxial strain extensometer and/or a Rosette strain gage for cross calibration; and the torque-ends
rotation angle was measured by RVDT. Pure torsion was achieved with a zero axial force in control. Pre-
cracking for metallic specimens was accomplished with cyclic torsion using Haver sine wave form. The
maximum torque used in pre-cracking varies with materials and must be determined experimentally. In
the case of an A302B steel sample with 1.9-mm deep notch, 60-80% of the torque that generates the
maximum allowable shear stress around the specimen surface will suffice. The A302B specimen (Fig. 10)
has a uniform gage section of 20.3-mm diameter and 76.2-mm gauge length. A A302B specimen having a
spiral V-groove with a depth of 1.9-mm was tested. The specimen (Fig. 10) fractured at 519.7 N-m torque

at room temperature. Test results obtained from the strain gage and biaxial extensometer are shown in

Fig. 11a & Fig. 11b, respectively [12].

Suaiann

(a) front view (b) side view

Fig. 10. The fractured profiles of tested SNTT A302B specimen.
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Fig. 11. Plot of SNTT test results from (a) load cell and strain gauge, and (b) load cell and biaxial extensometer.
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3. BIAXIAL TESTER DEVELOPMENT TO PERFORM SNTT TESTING PROTOCOL
3.1 Biaxial tester development background

The biaxial tester will be used for fracture toughness testing using ORNL SNTT methodology in assisting
DOE Used Fuel Disposition campaign (UFDC) program. There are two specific programs will be using
the information gained from fracture toughness determination of the targeted structural components,
namely, UFDC SNF dry storage canister program development, and UFDC Sister Rods program
development in supporting SNF interim storage and transport related initiative. The outcome of this
project will further ensure safe operation of US nuclear power initiative during back end nuclear fuel
cycle. The device will eventually be resided in a nuclear fuel hot-cell facility; the baseline product of
biaxial tester needs further modification to meet hot-cell operation specifications. Due to physically
located in such high irradiation environment, the hydraulic fluid is not preferred in such environment.
Thus, electrical-magnetic force driver became the viable choice for fuel hot-cell operation. An
Axial/Torsion electro-dynamic test machine was developed by TestResource to carry out SNTT testing

for fracture toughness evaluation, the associated user manual is provided in APPENDIX A.

Electro Dynamic Test Technology offers advantages over traditional servo hydraulic test technology:
(1) More reliable with low maintenance, low audible noise and lower purchase price than hydraulic
technology.
(2) Improved 24 bit machine control makes it possible to control sub gram level loads and sub-
micron positions.
(3) Modular approach — makes it possible to swap elements and configure to specific test goals
(speeds, loads, strokes, channels). The 830L can be user re-configured as a single biaxial station

or two separate axial and torsion test stations. Modularity makes customization affordable.

3.2 Biaxial tester design specifications

The design specifications of the developed biaxial tester are the followings:

830 Axial Torsion Machine

* 5,500 Ibs / 2500 in-1bs Capacity
* Configured with Torsion on Top / Axial mounted on bottom

830-48w20 Inverted Axial Torsional Dual Column Load Frame

* Floorstanding
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* 20" (508 mm) clearance between columns

* 42" (1065 mm) daylight or crosshead adjustment

* Torsion actuator in top fixed crosshead

* Axial actuator in adjustable bottom crosshead

* With provision to attach Load cell on Axial Actuator

EF5210-3S Electro Dynamic Actuator

* Static & Fatigue load rating: + 24 kN (5500 Ib)
* Max speed: 200 mm/s (8 in/s)

* Max frequency: 15 hz

* Stroke: £ 125 mm (£ 5 in)

* Antirotate Fixture

* Encoder 0.2 micron resolution

TYD200 Torsional Actuator

* Static rated 200 Nm (1770 in-1b)

* Dynamic rated 281 Nm (2493 in-lb)
* Max speed 1500 deg/sec

* Encoder resolution ~ 0.2 arc min

* Backlash free

Axial Torsion Power Pack

* 400V 3 phase power

* 10 foot long cables

FAT 10K/6K Fatigue Rated Axial Torsional Load Cell

* Measures load and torque with minimal crosstalk
* Fatigue rating: 10,000 Ib (44 kN) Axial
* Fatigue rating: 6000 in 1b (660 Nm) Torsional

* Cable with connectors
17



2370 High Performance Servocontroller

* 40 bit Servo loop update

* Data acquisition up to 6 kHz

* Position Encoder, Load, and Strain signal conditioners with 24 bit analog data conversion
* Additional Channels, Position Encoder, Strain, 2 Hi Level (+/-10V)

* Autocalibration on all strain channels

* 8 Ch digital output (control bits) & 8 Ch digital input (sense bits)

* 2 - 16 bit Servo/ Daq Output

* Ethernet interface

2370 32 Bit Test Software Products

* Global Data Sharing (GDS) Compatibility - enables developers to extend and add test modules
* MTL32 MachineBuilder Software
- create multiple machine setups,
- real time adjustable servo tuning,
- calibration of each channel
* TestBuilder Software
- Fatigue, static, and multi-step programming
- Stroke, load and strain control with mode switching
- Meters show current, max-min, peak-valley readouts, command output, and cycle counters
- Displays include multiple real time scopes,
- Data recording is time and peak-valley based. Export data to MS Excel and txt file formats.
- Data reduction options for real time data logging and during data exporting

Computer for Dynamic Controllers

* 15 - Processor (3.2 GHz min)
* Win7 Professional (x64) or later

* 8 GB RAM Minimum
18



* 500 GB HD Minimum

* Integrated Video card

* Onboard 2.0 USB & 1GB Networking Interface

* 22" Flat Panel Monitor Minimum

* Integrated Networking Card & Networking Cables as Needed
* Keyboard & Mouse

The design configurations overview are shown in Fig. 12, where ORNL site requirements for the power

sources are
1.230 VAC 3 PH, 35A, 50/60 Hz — Main system power

2.(X3) 110-240 VAC 1 PH - Standard outlets for PC, monitor, and controller power.

Torsion driver

Hot-cell wires
connector
driver

Axial linear
acutator

(a) Axial/Torsion biaxial tester schematic diagram.
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(b) Top crosshead fully lowered — units inches
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(c) Top crosshead fully extended — units inches

21




2B.00

=
=)
w

—

[

——

tn

(d) Top crosshead fully extended, and actuator fully extended

—-T

wn

3.

Fig.

22

24.3




(e) Biaxial tester with sample end grips, including tested SNTT fatigue fracture sample

Fig. 12. TestResource Axial/Torsion biaxial tester design configurations.
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3.3 Biaxial tester hot-cell implementation readiness

The additional tasks proposed for implementing the developed biaxial tester in the hot-cell environments

to carry out SNTT testing are detailed below.

Task 1: Develop the sample end-grip system for holding and loading the SNTT sample into the biaxial
tester in a hot-cell operation. The Task 1.1, 1.2, and 1.3 will be intertwined during program

development; and may require several iterations to complete the tasks.

Task 1.1: Design sample end-grip system for the SNF rod to form the SNTT sample, which

considers the followings:

(1) Grip system can provide sufficient grip to hold the SNF rod at ends, where epoxy
molding protocol and the associated bolt tightening mechanism to secure the SNF rod

firmly into the grip rigid-sleeve system will be deigned,

(2) The designed grip system that integrated with SNF rod can transmit sufficient shear force
from biaxial tester loading train to the SNF rod system to enable performing the cyclic
fatigue testing and the final fracture testing on the tested SNF rod, without the potential
of damaging the SNF rod at SNF rod and grip-ends system contact interfaces,

Task 1.2: Develop SNTT sample in-cell casting mold that can anchor the SNF rod into the
designed end-grip system.

This device will provide the epoxy molding functionality, and the screw bolting system to
tighten the SNF rod after epoxy curing. This combined epoxy molding and screw tightening
mechanism can effectively increase the contact pressure at SNF rod and end-grip interface,
i.e., increase the interface bonding strength, to securely anchor the SNF rod into end-grip

holder system for the follow-on fatigue and fracture testing.

Task 1.3: Develop automated biaxial tester system operational protocol for installing the SNTT

sample into biaxial tester loading train, which will consider the followings:

(1) The modified end-grip system geometry combined with the to-be developed tester system
control operation procedure will provide an effective means for mounting SNTT sample
system, equipped with self-align functionality, into biaxial tester loading train. A safe
installation operation protocol with pre-defined operational displacement and force limits
for SNF rod protection will be developed to provide automated sample installation

procedure in a hot-cell.
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(2) This is one of the essential operations to enable the SNTT testing in a hot cell,
environment due to inability of normal hand-on operation for SNTT sample installation
performed at an out-of-cell environment. The criteria of such protocol development need
to consider an easy installation of SNTT sample in the hot-cell and prevent the potential
SNF rod damage occurred during SNTT sample installation or mounting. This is because
that the potential high compression force can arise to the SNF rod system upon engaging
SNTT rod system into the torsion tester loading train adaptor system under uplifting a
SNTT sample. Another important consideration is the protocol should have multiple or
repeatable operation functionality carried out automatically, which allows re-installation
upon the failure of the initial attempts to load the test sample into tester loading train

adapter.

Task 2: Develop SNTT experimental testing and fracture toughness analytical evaluation procedures for
tubing structure materials fracture behavior evaluation. The associated subtaks are stated below;

Task 2.1, 2.2, and 2.3 are intertwined and may require several iterations to complete the tasks.

Task 2.1: Develop and quantify the SNTT test sample dimensions requirement that is suitable for
SNF rod cladding fracture testing study; and prepare the surrogate SNTT samples for the
out-of-cell SNTT tubing structure materials pilot testing.

The newly developed end-grips will be integrated with the surrogate rod to perform the
reliability and integrity study of the SNTT sample system interface bonging strength to
further quantify the defined interface surface area sufficiency of transmitting sufficient

torsion load to the SNF rod without damage the SNF rod at interface regions.

Task 2.2: Develop experimental testing protocols for the cyclic fatigue and final fracture of

SNTT rod sample.

Develop cyclic fatigue testing protocol with the associated initial flaws profile, in the
category of through thickness crack or surface shallow spiral notch crack align with the
principle stress profiles, to determine the target crack length and to estimate the needed

cyclic loading intensity to induce such crack growth.

Develop systematic testing protocol to evaluate the cladding and insert pellet interface
bonding efficiency through torsional cyclic fatigue testing, where the cut-off fatigue cycle #

that can trigger the sufficient drop of the interface bonding efficiency will be investigated.
Develop the final fracture testing protocol at the designated fatigue pre-crack length that can
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enable the final fracture of the tested cladding sample. The estimate fracture torque will then

be used to estimate the cladding material fracture resistance capacity, or fracture toughness
property.

Both load control and displacement control approaches will be investigated for the cyclic

fatigue and final fracture testing protocols developments.

Task 2.3: Develop the analytical evaluation protocol to determine the fracture toughness of the

cladding structure materials, which cover the followings.

(1) The primary objective is to develop the close-form governing equations that can be
used for fracture toughness evaluation, utilizing SNTT approach on tubing structure
materials. Where a literature survey on the current approach for tubing structure
materials fracture toughness evaluation will be carried out. The pro and con of the
conventional approaches and SNTT approach for the SNF clad toughness evaluation

will be evaluated.

The analytical approach development will be focused on the through thickness crack
growth fracture profile scenario, which is an effective means to evaluation the
associated clad fracture toughness. This type through thickness crack growth in a
thin shell clad structure failure mode is a typical clad failure mode; for instance, it
was also observed from (through-thickness) axial crack growth fracture of fuel

cladding from an RIA test, or from a pressurized water piping failure.

The sensitivity study on the “total crack length” variation to the clad system fracture
resistance capacity will be performed and quantified through both the experimental
and analytical approaches. This sensitivity study can provide the optimized “total
crack length” that can effectively trigger the final fracture of the tested clad sample;
thus, SNTT sample with such fatigue pre-crack length can be used to accurately
estimate a valid fracture toughness for the cladding tubing structure materials. This
crack length selection related subject is also strongly dependent on the brittle or

ductile nature of the targeted cladding materials.

If no analytical close-form solution for fracture toughness evaluation can be
developed, FEA approach will then be used to develop numerical and analytical
integrated protocol for fracture toughness or energy release rate evaluation of tested

samples.
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(2) The cladding crack initiation site sensitivity study will also be carried out using FEA
modeling approach. Where the crack growth potential initiated at ID and OD of the
cladding tubing structure under torsion loading will be investigated. Which will
provide additional guidance for carrying out the cyclic fatigue testing on SNTT
cladding sample to develop sufficient total crack length (with through thickness crack
profile). This sensitivity study can be used to estimate the incubation period of a
surface crack becoming a through thickness crack. Combined with the typical
through thickness crack growth rate obtained from fatigue testing protocol of Task 2
and surface crack growth rate estimate form sensitivity study, one can then
effectively to carry out the cyclic fatigue testing protocol on the SNF rod to develop
the SNTT sample with the targeted “total fatigue per-crack length,” for final fracture

test to evaluate the associated fracture toughness of tested cladding materials.
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4. FRACTURE TOUGHNESS EVALUATION FOR SNF DRY STORAGE CANISTER WELD

To meet the need for additional data on the dry storage canister material properties, the DOE Used Fuel
Disposition campaign program has procured a full-diameter cylindrical mockup of a dual certified
304/304L SS storage canister produced using the same manufacturing procedures as fielded SNF fuel
interim storage canisters. ORNL recently received five such weld plates, three longitudinal welds and two

circumferential welds.

4.1 SNTT Specimens Designs and Configurations

In this proposed approach, SNTT samples were fabricated from several as-received Sandia SS 304/308
weld plates. Since the thickness of the weldment is 5/8 inch, the diameter of the SNTT cylinder was
designed to be 0.375 inch (Fig. 13). The SNTT specimen axis was parallel or perpendicular to the canister
cylinder axis, pending on the received weldment is axial or circumferential weld. There are several types
of spiral grooves designs with different notch depths, as illustrated in Fig. 14. The details of weld and
HAZ SNTT specimen location machined from the weldments are illustrated in Fig. 15 and Fig. 16,
respectively. Weld specimen only one single loop was machined in the SS304/308 weld SNTT sample,

where for the deep notch HAZ samples two loops spiral groove was designed. Threads were introduced
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Fig. 13. Geometry details of the S$304/308 weld steel SNTT specimen.
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Fig. 14. SNTT specimens with different spiral groove designs, (Top) single loop spiral groove with 0.0375” notch
depth, (Middle) single loop with 0.100” notch depth, (Bottom) two loops with 0.1125” notch depth.

The weld specimen has its centerline aligned with the center of FZ; the associated gage section, and the
actual dimension and location of the SNTT sample in the as-received Sandia weldment was marked with
blue stripe, are shown in Fig. 15. The spiral groove is located within the gage section, with the targeted

notch depths.

Gage Section

Fig. 15. SNTT weld sample machining physical location in the as-received Sandia weldment.

The HAZ specimen has its centerline aligned with the edge of FZ; the associated gage section, and the
actual dimension and location of the SNTT sample in the as-received Sandia weldment was marked with

the blue stripe, are shown in Fig. 16.
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Fig. 16. SNTT HAZ sample machining physical location in the as-received Sandia weldment.

4.2 5S304/308 Weld SNTT Sample Fixture Design Configuration

Two major concerns were addressed in the fixture and base design of SS304/308 weld SNTT samples.
Because a high number of cycles were involved in the fatigue pre-crack process, threads could be coupled
with bolts to stabilize the specimens. Therefore, small fixtures were designed separated to accommodate
the SS304/308 weld SNTT samples (Fig. 17), including a base was designed to connect the SNTT

specimen fixture to the biaxial tester machine (Fig. 18). In both the fixture and base, rotated bolt arrays

were applied to secure the fastening between different components.
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Fig. 17. Schematic for fixture to adapt the 304/308 weld SNTT specimen.
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Fig. 18. Schematic for base to adapt the $5304/308 weld SNTT fixture.

4.3 SNTT Equipment Setup

The SNTT testing of SS304/308 weld steel is primarily focused on samples machined from the as-
received weld plates from Sandia mock-up canister weldment. Preliminary calculations estimate that the
threshold of crack initiation in these samples with shallow notch of 0.0375” is around 280 Ibf-in. The
maximum capacity of the torque load provided by the Test Resource 830 axial-torsion machine is 1,620
Ibf-in. The cyclic fatigue frequency can reach 10 HZ range under the targeted torque load range. These
specifications ensure that cycle fatigue testing of SNTT SS304/308 weld steel specimens can be
conducted, in addition to the final SNTT fatigued sample fracture testing.

4.4 SNTT Testing on SS304/308 Weld Steel Material
4.4.1 Cycle fatigue process

The cycle fatigue process on SS304/308 weld SNTT samples were performed through the angle control
mode by a function generator built in the TestResource control system. In order to find the fatigue
threshold of the SS304/308 SNTT samples, the initial maximum torque was adjusted to approximately
270 Ibf-in with 5 HZ cyclic fatigue process. This cyclic load was gradually increased to facilitate the
crack growth in a reasonably time frame to reach the targeted total crack growth length (“a”, notch depth

plus the fatigue crack growth length); where the targeted a/D is normally in the ranges of 0.35 to 0.45.
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The crack growth during the fatigue cycles was monitored by the specimen’s compliance or stiffness

changes and then using the developed compliance function to estimate the crack penetration depth.

4.4.2 Monotonic loading fracture test

Fatigued SNTT sample was then loaded monotonically using the biaxial tester with series of
loading/unloading sequences until failure; where the loading rate of 2.2 Ibf-in/second and unloading rate
of 17.7 Ibf-in/second were used. During the monotonic loading/unloading period, the axial force is
maintained at nil zero condition to ensure a pure torsion loading condition. The typical experimental test

results for SNTT 304/308 weld samples are shown in Fig. 19 and Fig. 20.
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Fig. 19. HAZ-1 test results, (Left) upon sudden failure a significant shock reaction was observed, (Right) The
slopes of different loading and unloading sequences does not change, indicate no crack growth during the
monotonic loading, the specimen undergo significant non-linear deformation before final failure, at 56 N-m (495
Lbf-in) fracture torque.

— LOAD T — TORGUE Mm

— TORGUE MHm

oooooooooooooooooooooooooooooooooo
EFEEEESEEEETEE8EFEE883555388F2E888B8

Fig. 20. 2-loop Weld-4 test results, (Left) upon sudden failure a significant shock reaction was observed, (Right)
The slopes of different loading and unloading sequences does not change, indicate no crack growth during the
monotonic loading, the specimen undergo significant non-linear deformation before final failure, at 41 N-m
(362.8 Lbf-in) fracture torque.
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4.4.3 Failed sample characterization

The failed SNTT samples were characterized using an optical camera, which captured optical images of
the specimen and the fractured surfaces, as shown in Fig. 21 for the tested HAZ-1 SNTT sample and in
Fig. 22 for the tested 2-loop Weld-4 SNTT sample. Fig. 21 shows that the fracture surface has smooth
fatigue surface profile before final crack initiation under monotonic loading; where the HAZ-1 sample has

total crack length ratio, a/D, of 0.35.

Fig. 22 shows that the 2-loop Weld-10 SNTT sample fractured into two halves during the monotonic
loading. The failed surfaces from matching surfaces indicate a significant crack tip blunting occurred
before the specimen final fracture. The fatigue pre-crack length is at 0.0405 and the notch depth is at
0.11257; the total crack length ratio, a/D, is equal to 0.40. The fractured surface profile shows smooth pre-
crack growth surface and the final fast fracture topology characteristic under monotonic loading. The

fracture initiation site is near the HAZ region away from the center of FZ.

Fig. 21 SNTT HAZ-1 fracture specimen and the associated fracture surface profile

33



Fig. 22. SNTT 2-loop Weld-10 fracture specimen and the associated fracture surface profile, the red arrows point
to the fatigue pre-crack front.

4.4.4 SNTT 304/308 weld samples fracture test results

The details of the SNTT 304/308 weld samples test results are illustrated in Table 1; where most weld
specimens failures were initiated at HAZ region, and all the two loops weld samples were failed at or near
HAZ regions, as shown in Fig. 23. Table 1 shows that the fracture torques from the different tests appear
to be self-consistent at the targeted a/D ratio, which indicates the good repeatability of the SNTT
methodology in applying to the highly ductile SS304/308 weld materials. The large axial bending
distortion observed from the fractured 2-loop deep-notch specimens is due to significant axial load

reaction shock upon SNTT specimen catastrophically fractured and broken into two pieces, as shown in
Fig. 24.

Table 1 SNTT 304/308 weld specimens and 304 base specimen fracture test results

Gage Total Uncracked Crack
Sample Spiral Notch length, crack a/D ligament, front Fracture
groove  depth, ao GL length, a b length, B*¥*  Torque
ID loop mm mm mm mm mm N-m
Weld-1 1 1.91 23.92 3.34 0.350 6.19 25.55 56.0
Weld-5 1 2.54 13.46 4.23 0.440 5.30 13.87 38.5
Weld-8 2 2.86 23.92 3.96 0.416 5.56 25.95 39.5
Weld-9 2 2.86 23.92 4.00 0.420 5.52 25.77 38.2
Weld-10 2 2.86 23.92 3.89 0.408 5.64 26.33 41.0
Base 2 2.86 23.92 3.77 0.396 5.75 26.97 45.0

*Single loop B: V[(2n(R-a))*+GL?],
*Double loop B: \ [4(2n(R-a))*+GL?], R is radius.
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Fig. 23. (Left) Most SNTT weld 1-loop shallow-notch specimens’ failures are initiated at HAZ regions, (Right) All
the weld 2-loop deep-notch specimens are failed at HAZ regions.
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Fig. 24. SNTT Weld-9 specimen fracture test results, (Left) Torque vs. angle data, and (Right) Upon failure
significant axial load shock was observed, reaching magnitude of ~1800 N.

4.5 Fracture toughness evaluation on the tested SNTT weld samples
4.5.1 FEM analyses and energy release rate evaluation for SNTT Weld-10 specimen test results

The finite element model used for evaluating the apparent energy release rate or Jqis shown in Fig. 25,
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where 89,603 nodes and 21,280 3-D solid reduced-integration elements were used to model SNTT Weld-
10 specimen with a crack length of 0.153 inch. The fracture torque is at 362.8 Ibf-in. The deformed FEM
model upon failure and the estimated von Miss stress contours are shown in Fig. 26. The Abaqus J-
contour integral routine with 9-contours option was used to determine J value. Near middle layer’s J-
contour data were used to estimate Jo for SNTT 304/308 Weld-10 specimen upon final fracture; which
results in Jo = 850 Ib/in (148.8 KJ/m?).

ODE: DEL-DI-NIG-mad.adb  Abagus/Slandard 6.11-1  HMan Fep 15 12:11:04
Step: kad, Fiactue bad -J62.B5 b - in
Inciaman | S5 Glep Tme =  1.DOD

Fig. 25. Finite element model for SNTT Weld-10 specimen test simulation.
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Fig. 26. (Left) Full model FEM deformation and von-Miss stress profile, (Right) Deformation and von Miss stress
profiles at near middle layer of finite element model.
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4.5.2 J-Integral evaluation for SS 304/308 weldment material

The J-integral evaluation results based on | = B—lb f:CTq d 6, for the SS304/308 weld SNTT samples and

SS304 base SNTT sample are illustrated in Table 2. Where load-displacement area under torque load -
rotation angle trend curve is shown in Fig. 27, the associated J-integral value evaluation is shown in Table
2. Table 2 shows the mean J-integral upon fracture for SS304/308 weld and SS304 base are 144.2 KJ/m?
and 459.0 KJ/m?, respectively.

Table 2 SNTT 304/308 weld & SS304 base specimens fracture toughness test results

Sample Spiral Notch Gage Total crack /D Uncracked Crack front  Fracture Tq-0 J-integral,
P groove  depth, ay length, GL length, a ligament, b length, B Load, Tq  area, A A/bB
1D loop mm mm mm mm mm N-m KJ KJ/m?
Weld-1 1 1.91 23.92 3.34 0.350 6.19 25.55 56.0 24.50 154.9
Weld-5 1 2.54 13.46 4.23 0.440 5.30 13.87 38.5 9.56 130.1
Weld-8 2 2.86 23.92 3.96 0.416 5.56 25.95 39.5 20.52 142.3
Weld-9 2 2.86 23.92 4.00 0.420 5.52 25.77 38.2 22.92 154.0
Weld-10 2 2.86 23.92 3.89 0.408 5.64 26.33 41.0 20.77 139.9
Mean 144.2
Two Sigma +10.4
SS304
Baseli 2 2.86 23.92 3.77 0.396 5.75 26.97 45.0 71.25 459.0
aseline
60
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. Spec-1D: Weld-1 = ———
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3
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Rotation angle [°] Rotation angle [°]

Maximum torque = 56.0 Nm Maximum torque = 38.5 Nm

Area (N-m deg.®) = 1403.7 KJ-deg. Area (N-m deg.®) = 547.7 KJ-deg.°
Area (N-mrad.) = 24.5 KJ-radian Area (N-m rad.) = 9.56 KJ-radian
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Spec-1D: Weld-9

Spec-ID: Weld-8

Torque [N-m]
N
b

Torque [N-m]

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 45

Rotation angle [°] Rotation angle [°]

Maximum torque = 39.5 Nm
Area (N-m deg.®) = 1175.7 KJ-deg.®
Area (N-m rad) = 20.52 KJ-radian

Maximum torque = 38.2 Nm
Area (N-m deg.®) = 1313.2 KJ-deg.®
Area (N-m rad) = 22.92 KJ-radian

Spec-1D: Weld-10

Spec-1D: SS304-Baseline

Torque [N-m]
Torque [Nm]
S

0 5 10 15 20 25 30 35 40 o 20 40 60 80 100 120
Rotation angle [°] Rotation angle [*]

Maximum torque = 41.0 Nm
Area (N-m deg.®) = 1190 KJ-deg.°
Area (N-m rad) = 20.77 KJ-radian

Maximum torque = 45.0 Nm
Area (N-m deg.®) = 4082 KJ-deg.®
Area (N-m rad) = 71.25 KJ-radian

Fig. 27. SNTT test torque load versus rotation angle trend curve up to maximum fracture torque

4.5.3 J-integral evaluation comparison between SNTT and Compact Tension (CT) tests results

The comparison of SNTT 304/308 weld fracture toughness (represented with J-integral value at final
fracture load, Jo’) and the mean Jic obtained from conventional CT test [25] are illustrated in Table 3.
Table 3 shows that the SNTT estimated Jo- is very close to the mean Jic obtained from the CT method for
the weld specimens. Base metal CT test fracture toughness appears to be higher than that estimated from
SNTT approach; this could be due to the inherited canister wall cold work forming process of the
received canister weldment. The high uncertainty for both base and weld metals from CT tests were also

observed. Due to limit SNTT base metal test conducted, no associated uncertainty study was carried out.
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Small two-sigma uncertainty bond of SNTT approach for weld samples compared to that of CT test
results could be primary due to SNTT inherited high geometry constraint and the self-consistent fracture

torques observed from the SNTT fracture test results as shown in Tables 1.

Table 3 Summary of fracture toughness obtained from SNTT test and CT test results

Method Material Condition Temperature MeanlJic g 95% Bond
c° KJ/m? KJ/m? KJ/m?

CcT 304 base Base metal 21 672.0 215.0

SNTT 304 base Base metal 21 459.0

CT 304/308 weld  SAW 21 147.0 67.0

SNTT 304/308 weld  SAW 21 144.2 10.4
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5. FRACTURE TOUGHNESS EVALUATION FOR THIN-SHELL CLAD-PELLET INSERTS STRUCTURE
5.1 Mode | + Mode lll mixed-mode fracture toughness evaluation

SNTT method has been performed on mixed-mode fracture toughness evaluations [12-14,17] under pure
torsion loading. For a 7475-T7351 aluminum, toughness evaluation [12], at 45° spiral crack front, yields
Jw/J1=0.72% and Ju/Ji=0.06%, where 99.2% of J-integral value is from J;; and in other case of spiral crack
front pitch angle deviated from 45°, yields Jii/Ji=0.02% and Ji/J1=8.98%, indicates a substantial increase
in Mode III contribution, while as Mode II’s contribution dropping to nil zero. In addition to the pure
torsion loading study, an energy method for predicting fatigue life, crack orientation, and crack growth

under multiaxial (tension/compression and torsion) loading conditions was also developed [26].

In a mixed-mode fracture toughness study [27], which utilized a complex test set-up with a specially
machined CT specimen, test results indicate that Mode I + Mode III fracture toughness and tearing
modulus reduced to 50 percent and 30 percent, respectively, compared to those under Mode I only for
some ductile materials. Recently, an innovative edge notch disc bend (ENDB) method was used for Mode
I + Mode III fracture toughness study for brittle materials [28-30]. The pure mixed-mode (Mode I + Mode
IIT) condition of ENDB method can only be existed at the disk center point location, due to inherited
compression loading induced in-plane shear Mode II deformation throughout the tested disk besides the
disk center, especially approaching ENDB disk boundary. Furthermore, from the ENDB numerical
evaluation results indicate that Mode II stress intensity factor existed throughout the ENDB sample and
increased significantly further away from the disk center [31]. This phenomenon could be interpreted as a
specimen size/geometry effect, thus, relatively large ENDB disk sample or other numerical correction
scheme maybe required to mitigate this disk boundary effect for applying ENDB approach to Mode I +
Mode III failure analyses. This is in contrast to the SNTT approach where Mode I + Mode III deformation
with constant torque loading condition existed throughout the test sample gage section along the crack
front. From the early study [12] indicates that the Mode II contribution to the mixed-mode fracture

toughness of SNTT sample under pure torsion loading is considered negligible.

For thin shell clad SNTT sample with through thickness crack front under torsion loading, two schematic
diagrams (Fig. 28) of hollow tubes under pure torsion loading were used to illustrate the deformation

behaviors of spiral notched SNTT clad sample. Fig. 28 shows that under pure torsion loading, only the
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Fig. 28. (Left) Opening tensile mode | observed from 45° pitch angle spiral cut slit; (Right) Out-of plane shear
mode Il observed from 0° pitch angle cut slit (Along axial orientation) under pure torsion.

tensile opening Mode I displacement can be observed from a 45° pitch angle spiral cut slit and only out of
plane shear Mode III displacement can be observed from a 0° pitch angle cut slit. For a thin shell
structure, in plane shear Mode Il failure requires much higher energy compared to that of opening tensile
Mode I and out of plane shear Mode 111, especially for a pure torsion loading of SNTT sample Mode 11
contribution to the fracture toughness is considered secondary. Thus, the mixed mode (Mode I + Mode
IIT) failure behavior can be studied using SNTT method by varying the pitch angle of the spiral crack
front deviated from the 45° pitch angle.

5.2 Zr-4 clad SNTT specimen preparation and biaxial tester set-up
5.2.1 Received AVERA Zr-4 clad tensile property

Room temperature axial tensile tests were performed on unirradiated stress-relief annealed Zr-4 cladding
samples received from AVERA using ASTM E 8M—04 standard, with the target strain rates at 0.001 s-1
and 0.0003 s-1. This Zr-4 cladding material was used in the SNTT fracture toughness evaluation test. The
stress-strain curve for the room temperature unirradiated cladding specimens is illustrated in Fig. 29. The
0.2% offset yield strength obtained from the tensile test of 152.4-mm long baseline Zr-4 cladding was 606
MPa, the ultimate tensile strength was at 768 MPa, and the Young’s modulus is 91 GPa.

5.2.2 SNTT specimens designs and configurations

SNTT samples were fabricated from a Zr-4 clad tubing, with diameter of 9.525-mm and thickness of
0.572-mm, and alumina pellet inserts with diameter of 8.0-mm and length of 15.24-mm (Fig. 30). The
alumina-pellet inserts were bonded to Zr-4 clad inner wall by using epoxy. There are two types of initial
flaw/crack starter designs used in the fatigue pre-crack procedure, namely, a short and shallow 45° notch

machined from a 76.2-mm diameter diamond saw, and a through thickness hole at 0.762-mm diameter, as
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illustrated in Fig. 31.
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Fig. 29. A uniaxial tensile tube test and tensile stress-strain curve for received Zr-4 cladding.

Fig. 30. Geometry details of SNTT specimen made of Zr-4 clad and alumina pellets.

5.2.3 Zr-4 clad SNTT sample grip fixture design

The SNTT clad sample end-grip design was based on the following consideration; (1) to effectively
transfer the loading torque from the biaxial tester loading train to the SNTT specimen, and (2) to provide
good protection to the SNTT specimen at grip ends. Because a high number of cycles were involved in
the fatigue pre-crack process, a sufficient compressive contact pressure between grips and specimen is
needed; this was achieved by a bolt tightening mechanism provided at the grips, in addition to the epoxy

bonds. The detailed configuration of the grip design is shown in Fig. 32.
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Fig. 31. (Left) SNTT specimen with a short 45° notch, (Right) SNTT specimen with a 0.762-mm through clad
thickness circular hole as crack starter.
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Fig. 32. Zr-4 clad SNTT sample grip design.

5.2.4 SNTT equipment setup for Zr-4 clad sample testing

Preliminary calculations estimate that the threshold of crack initiation in these samples with a short crack
starter is around 11.3 N-m. The maximum capacity of the torque load provided by the Test Resource 830
axial-torsion machine is 183 N-m, which is sufficient to perform the final fracture test. The cyclic fatigue
frequency can reach 10 Hz range under the targeted torque load range. These specifications ensure that
cycle fatigue testing of Zr-4 clad specimens can be conducted, in addition to the final fatigued sample

fracture testing. The detailed SNTT biaxial tester set-up is shown in Fig. 33.
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Fig. 33. (Left) SNTT biaxial tester set-up, (Right) SNTT clad specimen installation into biaxial tester torque ends,
and SNTT sample made of Zr-4 clad/pellets rod and end-grips system.

5.2.5 Pilot fatigue pre-crack testing on Zr-4 clad and SS clad SNTT specimens
5.2.5.1 Baseline Zr-4 clad SNTT specimen with notch flaw at 45° pitch angle

The preliminary estimate for the threshold of crack initiation was based on Zr-4 clad yield criterion on a
SNTT sample surface, where the maximum shear stress profile for the notch cylinder specimen was
estimated according to the simplified shear stress equations. Maximum allowable shear stress upon yield
was estimated from the tensile yield stress of Zr-4 clad. The torque load that can produce 60-80% of the
maximum allowable shear stress on SNTT sample surface was used as the initial driving force to induce
fatigue crack growth. The SNTT sample with an initial flaw/crack starter at length of 3.81-mm was used
in the fatigue cyclic testing; where 11.3 N-m cyclic torque loading was applied to the SNTT specimen.
The final fatigue crack profile of the fatigued SNTT sample at the target crack length is shown in Fig. 34;
where a sharp crack front was formed and its propagation orientation is perpendicular to the principal

tensile stress profile.

5.2.5.2 304 SS clad SNTT sample with a 0.762-mm through clad thickness circular hole

The SNTT specimen with 0.762-mm circular hole as crack starter is shown in Fig. 35a. The specimen was
undergone medium torque (~14.69 N-m) as the initial cyclic loading. At the intermediate fatigue process,
the circular hole was elongated and evolved into a 1.524-mm elliptical hole with major axis perpendicular

to the maximum tensile principal stress profile, as shown in Fig. 35b. Finally, the sharp crack front was

44



emitting at the end of elliptical hole and perpendicular to the principal tensile stress profile as shown in

Fig. 35c.

(b) o ©)

Fig. 35. (a) $5304 clad SNTT sample with 0.762-mm circular hole as crack starter; (b) under cyclic fatigue the
circular hole elongated into 1.524-mm elliptical hole; (c) final fatigue crack growth on SNTT sample.
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5.2.5.3 Pre-hydride Zr-4 cad specimen with 0.762-mm circular hole and 0.381-mm shallow notch wings

In order to understand SNF fatigue behavior, the pre-hydride Zr-4 clad SNTT sample with hydrogen
content of ~350 wppm was used in the pin-hole fatigue evolution study. The details of 0.762-mm
diameter pin hole, with a pair of 0.381-mm notch wings, that is located on the opposite sides of the
circular hole and is perpendicular to the principal tensile stress orientation, is shown in Fig. 36a. During
the fatigue cycling no hole dimension increases was observed. The pre-hydride Zr-4 SNTT sample was
fractured during the fatigue cycling process; and the postmortem examination indicated a brittle fracture

failure mechanism without obvious fatigue pre-crack growth profile, as shown in Fig. 36b.

(b

Fig. 36. (a) Fatigued failure pre-hydride Zr-4 clad SNTT sample with through thickness hole as crack starter, (b)
which shows a brittle fracture characteristic w/o obvious fatigue pre-crack growth profile.
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5.3 ZR-4 clad SNTT fracture testing procedures
5.3.1 Zr-4 clad SNTT sample cycle fatigue testing process

The cycle fatigue process on Zr-4 clad SNTT samples were performed through the angle control mode by
a function generator built in the TestResource control system. The selected initial fatigue cyclic loading is
the torque that can reach about 60-80% of the maximum allowable shear stress level on the specimen
surface. This is to ensure a linear elastic deformation existed during the fatigue cycling. In order to find
the fatigue threshold of the Zr-4 clad SNTT samples, the initial maximum torque was adjusted to
approximately 9.94 N-m with 5 HZ cyclic fatigue process. This cyclic load was gradually increased to
facilitate the crack growth in a reasonably time frame to reach the targeted crack growth length (“a”,
notch initial length plus the fatigue crack growth length). The crack growth during the fatigue cycles was
monitored by the specimen’s compliance as well as periodically visual inspections. The target fatigue
crack growth length in the axial direction is about 25% and 36% of pellet length for short and medium
crack length, respectively; and the crack length in axial direction more than 60% is considered as a long

crack length.

In order to introduce the mixed-mode loading into the pellet-clad system under pure torsion, the fatigue
crack growth should reach sufficient length to activate higher pellet ends-clad pinning action (PCMI). All
the fatigue crack growth at various lengths appear to be Mode-I fracture, where crack propagation
orientation is along 45° pitch angle, even with the longest fatigue crack growth sample. The final
fracture mode was dictated by the length of the fatigue crack growth. From this study, for a long fatigue
crack length, the final fracture contour showed a crack initiation profile of mixed-mode characteristic that
is deviated from 45° pitch angle of principal tensile stress; while as for medium and short crack length

samples the final fracture contour is aligned with 45° pitch angle of the principal tensile Mode I fracture.

5.3.2 Zr-4 clad SNTT sample monotonic loading fracture test

Fatigued SNTT sample was then loaded monotonically using the biaxial tester with series of
loading/unloading sequences until failure; where the loading rate of 0.0056 N-m/second and unloading
rate of 0.0113 N-m/second were used. The monotonic loading rates for ramping loading and unloading
sequences were carried out under load control in each loading/unloading sequence to reach the target
loading and the specified unloading range (normally about 10-15% reduction in maximum load in each
loading/unloading sequence). During the monotonic loading/unloading period, the axial force is
maintained at nil zero condition to ensure a pure torsion loading condition. Upon final sudden fracture

failure, a significant axial shock reaction force was observed, which was used to determine the final
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fracture torque load. The typical experimental test results for Zr-4 clad SNTT samples are shown in Fig.
37.
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Fig. 37. Zr4-N3 sample test results, (Left) upon sudden failure a significant axial shock reaction force was
observed, (Right) The slopes of different loading and unloading sequences does not change, indicate no crack
growth during the monotonic loading, the specimen failed at 21 N-m torque.

5.3.3 Failed SNTT sample characterizations
5.3.3.1 SNTT specimens with medium fatigue pre-crack length

The failed SNTT samples were characterized using an optical camera, which captured optical images of
the specimens and the fractured surfaces, as shown in Fig. 38 for the tested SNTT samples with a 45°
notch crack starter and in Fig. 39 for the tested SNTT samples with a circular hole crack starter. Fig. 38a
shows the three fracture profiles of SNTT samples with medium crack length, and Fig. 38b shows the
detailed crack growth beyond the initial notch crack starter upon fracture initiation; where the fracture

surface is normal to principal tensile stress profile.

(@
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(b)

Fig. 38 (a) Three medium crack length Zr-4 clad SNTT samples fractured surface profiles, and (b) the detailed
fracture surface profile beyond notch crack starter at fracture initiation.

Fig. 39 shows the fracture profiles of Zr-4 clad SNTT samples with a 0.762-mm diameter hole and
shallow surface notch as crack starter. The fractured surfaces topology is aligned with a 45° spiral crack

fronts that is normal to the principal tensile stress profiles.

Fig. 39. Fractured Zr-4 clad SNTT samples of 9.525-mm diameter, (Left) a through thickness pin hole with
shallow surface wing of 1.5-mm in length along 45° slope as crack starter, (Right) a through thickness pin hole
with shallow surface wing of 1.5-mm in length along 30° slope as crack starter. Both types of the fatigued SNTT
samples show that fatigued crack front and the final fracture profiles are aligned with the 45° spiral crack front
that is normal to the principal tensile stress contour profile.

5.3.3.2 SNTT specimens with long fatigue pre-crack length

The fractured SNTT Zr-4 N2B sample with long crack length revealed a mixed mode (Mode I + Mode
IIT) failure mechanism as shown in Fig. 40, where the crack initiation orientation is deviated from the

orientation normal to the tensile principal stress contour, i.e., along 45° spiral crack front.
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Fig. 40. (Left) Fracture profile of the Zr-4 clad SNTT specimen with long fatigue pre-crack length (Right) Detailed
crack front view shows crack initiation direction is deviated from the 45° spiral crack front, which indicates a
mixed mode failure mechanism (Mode | + Mode 1l1) under SNTT testing protocol.

The sources of the mixed-mode loading condition shown in Zr-4 N2B SNTT tested specimen failure
profile are the combination of the SNTT pure torsion loading, and PCMI induced reaction forces between
15.2 mm pellet inserts and the clad tubing structure, including the pellet-pellet-clad interaction. For a long
crack length, the out of plane shear load (Mode III) contributed from the pellet-pellet and pellet-clad

pinning induced PCMI effect is expected to be significantly increased.

5.3.4 Zr-4 clad SNTT samples fracture test results

The details of the Zr-4 clad SNTT samples test results are illustrated in Table 4. Table 4 shows that the
fracture torques from the different tests appear to be self-consistent at the targeted crack length, which
indicates the good repeatability of the SNTT methodology in applying to the baseline ductile Zr-4 clad
tubing materials.

Table 4 Summary of Zr-4 clad SNTT samples fracture test results

Sample ID Projected crack Total crack length a(V)/(pellet a(T)/(Diameter,  Fracture
length in axial along surface length, 15.24  9.525 mm) Torque
direction, a(V) contour, a(T) mm) ratio ratio
mm mm N-m

Zr4-nl 5.72 8.08 0.375 0.849 19.21

Zr4-n2-A 5.08 7.18 0.333 0.754 20.00

Zr4-n2-B 9.14 12.93 0.600 1.358 13.22

Zr4-n3-B 5.59 7.90 0.367 0.830 20.60

Zr4-n4 3.89 5.50 0.255 0.577 22.99

Zr4-n5 5.66 8.01 0.372 0.841 20.00

Zr4-s1* 5.59 7.90 0.367 0.830 20.99

Zr4-s2* 5.59 7.90 0.367 0.830 20.90
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*SNTT sample with a single alumina rod insert, instead of segment alumina pellet inserts.

5.4 ZR-4 clad SNTT sample fracture toughness evaluation
5.4.1 Typical SNTT finite element modeling methodology for ductile materials
5.4.1.1 SNTT FEM solid model with surface crack flaw

The methodology used for developing finite element model (FEM) and the typical FEM analyses results
are illustrated in Fig. 5 [12]. The FEM designed for the ductile material SNTT fatigue pre-crack sample
characterization was used for demonstration. For ductile material, the singular wedge element with
quarter-node elements around crack tip was relaxed back to normal wedge element with middle-node
elements. The typical FEM analyses results are also shown in Fig. 5 where the tri-axial tensile stress
profiles and the butterfly plastic process zone indicate a high geometry constraint condition exists in the

proposed SNTT fracture toughness testing protocol.

5.4.1.2 SNTT finite element model for pellet-clad tubing structure with through clad thickness crack

Two items of interest are considered for modeling PCMI, from the data obtained through CIRFT fatigue
testing on SNF rods [32], namely, (1) the role of the pellet in nucleating fatigue failures (termed pellet-
cladding interaction) and (2) the extension or reduction of the fatigue lifetime resulting from mechanical
or chemical bonding between the pellet and cladding or pellet and pellet (termed bonding). During reactor
operation, pellet swelling and cladding creep down result in a mechanical interference fit between
cladding and pellet that produces a mechanical bond through clad radial compressive residual stress. The
mechanical bond is likely maintained throughout the fuel’s dry storage and transport lifetime and is likely
providing enhanced rod rigidity to SNF rod. There is evidence that a chemical bond between the
zirconium-based fuel rod cladding and the uranium dioxide pellets can be developed at high burn-up,
likely providing certain enhanced rod rigidity at chemically bonded locations. However, due to thermal
expansion and contraction mismatch at clad-pellet interface region, during thermal cycling events of
nuclear fuel operations, such a chemical bond is expected to be broken as shown from post-irradiation
examination of mixed uranium-plutonium oxide SNF where the crack profile existed in the chemical
bond region paralleled along the pellet-clad interface. Thus, the chemical bond effect on the SNF’s

enhanced rigidity is very limited.

The Abaqus J-integral contour routine was used in the J-integral value evaluation. The procedure of FEM
approach used in Jq evaluation is stated as following: The FEM model was developed using FEM mesh

generator, to match the SNTT sample geometry and the associated boundary conditions, such as the crack
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front profile, the total crack length, and SNTT sample geometry constraints. Final fracture torque
obtained from SNTT experiment was used as load input in FEM model. In general, the unit rotation angle
and the overall deformation obtained from the FEM results are quite consistent with that of SNTT
experimental test results. The finite element model used for evaluating the apparent energy release rate, or
Jg, is shown in Fig. 41a, where 40,613 nodes and 9,362 3-D solid elements were used to model Zr-4 clad-
pellet system components. In order to simulate PCMI mechanism of SNF system with clad-pellet
structure, the Abaqus “general contact algorithm,” the hard normal contact mode with penalty functions
and transverse shear criteria, was used in the FEM analyses; where the through-clad-thickness notch

geometry and the associated crack fronts are shown in Fig. 41b.

Pellet inserts

Zr-4 cladding

(a)
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Crack propagate normal to principal
tensile stress contour direction

Crack front

Fatigue pre-crack
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Fig. 41. (a) Clad-pellet FEM mesh profile, (b) Schematic diagram of crack seam and crack fronts profiles.

The details of mechanical properties, finite element model mesh and pellet-clad contact interaction

criteria for Abaqus elastic-plastic analyses input are illustrated in Table 5 and Table 6.

Table 5 Zr-4 clad mechanical property for Abaqus elastic-plastic analyses input

Young's Yield Poisson’s Plastic True
modulus stress*® ratio strain stress
GPa MPa MPa
91 606 0.33 0 574.5
*0.2% offset Yield stress 0.00125 604.7
0.00519 658.1

0.01074 713.1

0.01643 751.2

0.02818 785.3

0.03997 802.1

0.06321 828.7
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Table 6 FEM geometry, mesh, and clad-pellet contact criteria for Abaqus modeling input

FEM mesh geometry

Zr-4 clad: OD: 9.525-mm, Thickness: 0.57-mm, Length: 15.2-mm
Pellet: OD: 8.33-mm, Length: 15.2-mm

Finite element type

3D Hex quadratic C3D20R reduced integration element
Around the crack front using 3D Wedge quadratic C3D15 element

Mesh sizing control

Approximate global size: 0.5-mm
Curvature control: maximum deviation factor set 0.2
Minimum size control: by fraction of global size of 0.2

Minimum edge size for crack tip element: 0.05-mm

Pellet-clad mechanical interaction

Normal Behavior: Hard contact, allow separation after contact

Tangential behavior: Penalty friction formulation algorithm with 0.3 friction coefficient

Boundary condition

Torque end: Kinematic coupling was used at Reference point to control the clad and pellet displacement

Reference point: Displacement and rotation fixed at X & Y directions
Fixed end of clad and pellet insert: Displacement and rotation are fixed in X, Y, and Z directions

Torque load: Applied at reference point

5.4.2 Energy release rate evaluation for Zr-4 clad SNTT sample with short and medium crack length

5.4.2.1 SNTT sample with short fatigue pre-crack length

Totals 0f 42,311 nodes and 9,728 3-D solid elements were used to model Zr-4 clad component and for
alumina pellet insert component with a crack length of 5.486 mm of SNTT sample Zr4-n4. The fracture
torque is at 22.99 N-m. The deformed FEM model upon failure and the estimated von Miss stress
contours are shown in Fig. 42. The Abaqus J-contour integral routine with 6-contours option was used to

determine the J value. Near middle layer’s J-contour data were used to estimate Jq for Zr4n4 specimen

upon final fracture; which results in Jig = 50.79 kJ/m?.
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Fig. 42. FEM deformation of short crack SNTT sample and the associated von-Mises stress contours profile.

5.4.2.2 SNTT sample with medium fatigue pre-crack length

Totals 0f 40,613 nodes and 9,362 3-D solid elements were used to model Zr-4 clad and alumina pellet
insert components with a crack length of 7.9 mm of SNTT sample Zr4-n3-B. The fracture torque is at 20
N-m. The deformed FEM model upon failure and the estimated von Miss stress contours are shown in
Fig. 43. The Abaqus J-contour integral routine with 6-contours option was used to determine the J value.
Near middle layer’s J-contour data were used to estimate Jq for Zr4-n3-B specimen upon final fracture;

which results in Jig = 49.38 kJ/m?.

Fig. 43. FEM deformation of medium crack SNTT sample and the associated von Mises stress contours.
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5.4.3 Energy release rate evaluation for Zr-4 clad SNTT sample with long crack length

Totals of 40,613 nodes and 9,362-D solid reduced-integration elements were used to model Zr-4 clad
SNTT specimen with a crack length of 12.93-mm of SNTT sample Zr4-n2-B. The fracture torque is at
13.19 N-m. The Abaqus J-contour integral routine with 6-contours option was used to determine J value.
The deformed FEM model upon failure and the estimated von Mises stress contours are shown in Fig. 44.
The un-symmetry von Mises stress contour was revealed in Fig. 43, in contrast to the symmetry butterfly-
shape of von-Mises stress contours near the crack tip region shown in Fig. 44. Furthermore, as shown in
Fig. 40, the crack propagation direction is deviated from the principal tensile stress contour direction (i.e.,
in a mixed-modes, Mode I + Mode III, failure mechanism, instead of Mode I only failure mechanism).
The estimated Jmq for Zr4-n2-B specimen upon final fracture is 18.91 kJ/m?. The J-value associated with
the principal tensile stress contour orientation is at 35 kJ/m?. The significant reduction in fracture
toughness in association with mixed mode (Mode I + Mode III) loading compared to that of Mode I
tensile loading alone for Zr-4 tubing material deserved special attention. The similar behavior of the 50%
reduction in fracture toughness for ductile materials subjected to mixed-mode (Mode I + Mode I1I)
loading compared to that of Mode I alone using the conventional compact tension specimen approach was

also reported in Reference 27.
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(b)

Fig. 44. (a) FEM deformation of long crack SNTT sample and associated von-Mises stress contours profile; (b)
The detailed von Miss stress contour view at crack tip.

5.4.3.1 Non-coplanar crack propagation orientation

In many practical situations structures are subjected to a combination of both shear and
tensile/compression loading, especially for a tubing or piping structure, leading to a mixed-mode fracture.
The strain energy density criterion [33] states that crack growth takes place in the direction of minimum

strain energy density factor S. The 3-D energy density factor can be written [34] as
S = auk? + 2a12KKy + a22K7 + assKu

Where K; is referred to stress intensity factors, and a;; is the function of shear modulus, Poisson ratio, and
the projected space angle 6. The crack propagation orientation is referred to at a critical angle, 0o, the
associated S has the minimum value, S, Since S is proportional or scaled to the J-value, thus, the crack
propagation orientation in a mixed-mode loading condition is also referred to a critical angle that has

minimum J value, Jq.

5.4.4 Fracture toughness evaluation of the tested Zr-4 clad SNTT samples

The Zr-4 clad SNTT fracture test data and the associated fracture toughness (represented with J-integral
value at final fracture load, Jo) are illustrated in Table 7, for samples with short and medium crack

lengths. Small two-sigma uncertainty bond observed from SNTT tests is primary due to the self-
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consistent fracture torques observed from the SNTT fracture test results as shown in Table 7. The mean
Jo obtained for Zr-4 clad tubing from double edge notched tension (DENT) specimens, using wedge
inserts induced clad lateral expansion approach, is at 70.5 + 6.4 kJ/m? [35]. This is about 40% larger than
that of SNTT approach at 50 kJ/m?. The root cause of larger J-value obtained from DENT test results
could be primary due to significant shear forces induced from contact interactions between the two-wedge
inserts and the clad tubing inner wall, in addition to the potential clad bending deformation along the edge
of wedges under clad later expansion loading. The consequence of the observed fatigued crack fronts
deviated from the initial axial crack orientation from DENT tested sample [35], can also induced mixed

mode failure mechanism of Mode I and Mode II (in-plane shear) on the clad specimen.

Table 7 Summary of fracture toughness obtained from SNTT tests with medium crack length

Sample ID  Crack length Total crack Fracture Torque Jig Kio
projected in axial  length, —VE)

orientation, a(V) a(T)

mm mm N-m kJ/m? MPaVm
Zr4-nl 5.72 8.08 19.21 46.62 65.13
Zr4-n2-A 5.08 7.18 20.00 44.92 63.93
Zr4-n2-B 9.14 12.93 13.22 35.03 56.45
Zr4-n3 5.59 7.90 20.60 49.41 67.05
Zr4-n4 3.89 5.50 22.99 50.79 67.98
Zr4-n5 5.66 8.01 20.00 50.09 67.51
Zr4-s1* 5.59 7.90 20.99 54.47 70.40
Average 50.04 67.44
2-sigma bound 3.26 2.20

*SNTT sample with a single alumina rod insert, instead of segment alumina pellet inserts.

The J-integral values along fracture plane and at other orientations for Zr4-n2-B specimen with long crack
length are illustrated in Table 8; where mixed-mode fracture toughness of 18.91 kJ/m? shows a significant
reduction compared to that of Mode I alone toughness at 35.03 kJ/m? The similar behavior of the 50%
reduction in fracture toughness for ductile materials subjected to mixed-mode (Mode I + Mode III)
loading compared to that of Mode I alone using the conventional compact tension specimen approach was

also reported in Reference 27.
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Table 8§ Summary of mixed-mode fracture toughness obtained from SNTT tests with long crack length

Sample ID  Total crack Fracture Crack front propagation Loading Modes Jo Ko

length, a(T) Torque orientation or projected J- —(E*)
contour orientation

mm N-m g-vector kJ/m? MPaVm
Along final fracture surface Mode I + Mode III -

18.91 41.53
contour (out of plane shear)
Perpendicular to the principal )
Zr4-n2-B Mode I (tensile) 35.03 56.47

12.92 13.22 tensile stress
Between fracture surface
contour and the principal Mode I + Mode III 29.07 51.42

tensile stress contour profiles
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6. CONCLUSIONS

SNTT method has been developed for estimating the opening mode fracture toughness, K;c or Jic. A
round-bar specimen having a spiral V-groove line at 45° pitch angle is used, subjected to pure torsion. The
other unique feature of the proposed testing method is fracture failure in combined mixed-mode (Mode I
and Mode III) pertinent to piping or clad tubing systems can be tailored for simulation study by varying
the pitch angle of the starting notch line deviated from 45° pitch angle or alternatively having the SNTT

standard specimen subjected to various combinations of loads in tension and torsion.

The unique features of the SNTT method are:

* It conforms to the classical theory of fracture mechanics.

* It is not limited by sample size or volume.

* It controls crack propagation and thus produces consistent results.

It can test a wide variety of materials, such as metals and alloys (including thin film coating and

interface material), ceramics, composites, polymers, and concrete.

A new J-integral evaluation protocol was developed based on the measured fracture torque and torque
ends rotation angle trend curve, obtained from the SNTT method. The estimated SNTT fracture toughness
Jo for the SS304/308 weldment is in consistent with that using conventional CT specimens. The SNTT
test results indicate that SNTT method is a reliable test approach with good repeatability in applying to
SS304/308 weld material. The estimate Jo» upon fracture for the baseline SS304 steel is at 459 kJ/m?. The
estimate Jo- upon fracture for the SS304/308 weld from weld specimens is 144.2 kJ/m?.

In this project, we also have successfully extended SNTT approach to a highly ductile Zr-4 thin-wall clad
tubing structure with pellets inserts, the estimated Jig value for the short and medium crack length is at 50
kJ/m?2, The clad-pellet structure mixed-mode toughness study was originated from the observation of the
final fracture initiation contour pitch angle change, deviated from the principal tensile stress contour of
45° pitch angle, from a long fatigue pre-crack SNTT sample. A significant reduction in fracture toughness
for clad tubing structure under mixed-mode loading, Mode I (tension) and Mode III (out of plane shear),
compared to that of Mode I only was revealed from tested Zr-4 clad SNTT specimen with long crack
length. Furthermore, a significant reduction in ductility was also observed from the pre-hydride Zr-4 clad
SNTT samples. This mixed-mode fracture results in a significant reduction in the J-integral value. Further
parameters study, such as pellet dimensions, is warranted for clad-pellet structure mixed-mode fracture

behavior study for the consideration related to the pellet-clad interaction induced PCMI effect.
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1 Product Introduction

Questions on the operation of the machine may be answered by contacting TestResources directly

at the following: Technical Support (8:00 — 5:00 CT)

@ Main Phone..............ooooi 1.952.944.6534

Phone / Fax 8OONUmMDber.......cveiieeiiiiiieen, 1.800.430.6536
FaX. .o 1.952.233.3682

=

TestResources Inc.
701 Canterbury Road South

Mail / RMA’s Shakopee, MN 55379
USA

=S .

G Technical Support................c..ooeae. support(@testresources.com
A= E-mail SaleS. ..t sales(@testresources.net
= General Information.............. ............ info@testresources.com
(N 4
\"F Product Information.......................... WWW.testresources.net

ap Web Remote Support (mustschedule)........ Www.testresources.com/support

TestResources systems are engineered and constructed with care in every phase of design and assembly. To
ensure reliability, mechanical and electrical components have been selected from the best components and
materials. It has been proven that a thorough understanding of the system, and especially the system
software, will pay big dividends. You as our customer are our most valued asset. We take pride in our
systems and are proud you have become an owner. We welcome your comments about our products and
wish that you express them. It is the only way that we can continue to build the best available test systems
to satisfy your needs. Thank you for your support.

1.1 General Outline of Information Related to the Product

TestResource’s Test Systems are used to generate force and measure fatigue, fracture, tensile and
compression test results on mechanical test samples. They are capable of producing static and cyclic loads
in tension or compression and operate to speeds of depending on the system performance. Extreme care and
understanding is required for proper use.

TestResources systems are configured to order to meet specific customer requirements and use standard
components where possible integrated together to meet the desired objective.

1.2 Intended Purpose and intended audience.

TestResource’s Test Systems are used to generate force and measure fatigue, fracture, tensile and
compression test results on mechanical test samples. They are capable of producing static and cyclic loads
in tension or compression and operate to speeds of depending on the system performance. Extreme care and
understanding is required for proper use.

TestResources systems are configured to order to meet specific customer requirements and use standard
components where possible integrated together to meet the desired objective. Mechanical testing is an
inherently dangerous activity since the product being tested may behave or fail in a way that is not
expected. The nature of testing is to determine what happens when various conditions are present that have
never been tested before.

In addition, servo-controlled systems, by their nature have many variables that must be factored in real time
by the operator of the machine. In many cases, the person wanting to operate the machine may be lacking
in training or experience and so may choose to place a sample in a dangerous mode.
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This is the nature of performing research on new products and materials. Since all materials and products
fail in different modes, the customer is responsible to determine the risk and to solve the problem of
minimizing it.

For example, if the material tested is brittle and fails in a catastrophic and dangerous manner, a safety
enclosure is recomm ended to contain the product being tested. TestResources offers safety enclosures as
products for purchase in these cases, so contact the firm for pricing information. L Series Systems
components have been selected for high quality workmanship and durability, but if the system shows any
sign of deterioration, contact TestResources.

Since 800 Series Electrodynamic Test Systems are capable of moving at high force and speed, only trained
operators should be authorized to use the system.
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1.3 Manual List / User Manual Layout & Explanation

It is important to understand where you can find information in the Electrodynamic System user manual.
The proceeding sections explain how TestResources modular product structure is support with various user
manuals. This information should allow you to determine where to find specific information related to
different parts of your system such as the general information, the frame, the software, etc.

1.3.1 Info Sheet

Specific information related to your system can be found on the info sheet.

1.3.2 Electrodynamic System User Manual

Here you will find general system related information including; general testing information, and test setup
information. This should be most users starting point because the information is broad enough to fit with
most systems. Custom designed system information may vary slightly from the Electrodynamic System
User Manual.

1.3.2.1 Installation

This manual is directed towards a technician who is settings up the system after it was shipped from
TestResources. It includes site requirements, and setup instructions. Operators should study this section as
well because it covers how to setup fixtures onto the machine.

1.3.2.2 Operation

This manual is directed towards the system operators. Information in this section is meant to direct the
operator in how to safely use the equipment.

1.3.2.3 Maintenance

This manual in directed towards a technician who will be responsible for long term maintenance of the
equipment. The system operator should also study this because there is important information regarding
system maintenance that must be done on a regular basis during operation.

1.3.3 Frame

This manual describes mechanical features of a given frame, as well as how to perform basic setups.
TestResources often builds custom frames, which may vary slightly from this manual. However, a majority
of the frame operation can be cover by breaking down the frame varieties into three sections.

1.3.3.1 Single Axis Axial

This manual includes tension/compression type testing systems.
1.3.3.2 Single Axis Torsion

This manual includes torsion only testing frames.
1.3.3.3 Axial Torsion

This manual includes axial torsion systems, meaning they have both an axial actuator and a torsion motor on
one frame.

1.3.3.4 Planar Biaxial
This would include systems with four axial actuator.
1.3.4 Software

Each system comes with a variety of software options that have specific uses. They are broken down into
individual manuals with quick start and reference sections for the software. These manuals will be provided
in PDF format if software programs were purchased with the system.

1.3.4.1 Static
Tension and compression testing of materials to determine stress vs strain type data.
1.3.4.2 Fatigue

Life testing of materials and products to determine or verify endurance limits. The software allows the
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system to be setup to cyclically load the specimen.
1.3.4.3 MTL Programming

Multi step testing that allows users to create custom waveforms. This is often used to replicate complicated
motion that real parts see during use.

1.3.44 MTL32_2020

System setup and configuration software. This is used for device calibration.
1.3.4.5 Fatigue Crack Growth

This software is sold separately and is for crack growth analysis.
1.34.6  TestBuilder

Main user interface for system operation.
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1.3.5 Accessories

These manuals are sent with purchased accessories in PDF format.

1.3.5.1 Oven

Temperature controlled cambers for high temp or low temp testing.

1.3.5.2 Strain extensometer

These devices are used to measure strain directly on the specimen. This ensures high accuracy and
removes machine compliance. Strain extensometers are available in clip on versions, and video systems.

1.3.5.3 Grips and fixtures setup onto the machine

Each grip/fixture has a unique application and setup requirement.
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2 |Installation

2.1 Safety and Training Required for Installation

TestResources strongly recommends that the Project Manager for the purchased system is contracted to
perform the system installation. This allows for correct setup and testing of the system to confirm that no
damaged occurred during shipment. Many electrodynamic systems can be installed by the end user but the
end user should contact TestResources technical support for assistance.

Prior to installation the system needs to be removed from the shipping container and moved to the working
location. The person responsible for this first step in the installation process should read this entire
installation section before starting any installation work. Specifically, the section on unpacking will be
needed to prevent damage of the equipment during unpacking.

2.2 Installation Overview

Electrodynamic testing systems are often custom built, and will require a custom manual specifying any
installation requirements. However, there are some general requirements for each system, which are
covered here. Typically systems are for lab use, and can often be set of a lab table or custom built table.
Check with the project manager for exact size and weight of your system.

Prior to installation, adequate space must be setup aside for the following components.

Powerpack System Frame

This holds the electronics . | Size and weight vary
and must be within 10 ft of | I

PC Storage

Additional storage igrips,
accessories, spare
parts, etc.

Are require to operate this

cuctom
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2.2.1

2.2.2

2.2.2.1

2.2.2.2

Mechanical (ref. frame manual)

Most systems come preassembled, and if additional assembly is required it will be handled by the project
manager during the system installation and training. If that is not the case for your system, then detailed
instructions will be sent separately, either with the machine or electronically to the main purchasing
contact.

There are setup items that should still be handled prior to the arrival of the project manager for the system
installation and training.

Space around the machine

The size of each system will vary greatly, however there is a need for additional space for cables to run,
space for electrical maintenance, and space for operation. A general layout below shows the minimum

f

i2 SPACE FOR CABLE MANAGEMENT

1

® ®
SPACE FOR
MAINTENANCE
] - © @
SPACE FOR OPERATOR 24

required space for a basic setup. Dimensions are in inches.

Bolt torque specs and locations
This is system/frame specific. See frame manual for more information.
Leveling procedure

This is system/frame specific. See frame manual for more information.
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2.2.3 Electrical
2.2.3.1 Electrical connections

Electrical connections are all clearly labeled. In general, they will go from the powerpack, shown below, to
either the PC or the frame. For installation, simply connect labeled electrical connections securing to
correct port. It is important to make sure connections are tight, and failure to do so can lead to issues such a
noise, or arcing, depending on the connection type.

Electrical power requirements vary system to system. See the section on power requirements for more

information.
CONTROL N
LOAD HL 1 POWER
o= Je o Je
STRAIN 1 HL2
Nal oo i
STRAIN HL3 Im
o~ Jo o+ Jo ETHERNET
SERIAL HL4
o(Te o(C]e
ADDITIONAL
EXTERNAL EXTRA 1
° ° o+ Jo
F STOP
o o EXTRA?
@) S
Q Q
DRIVE
ENCODER 1 MOTOR POWER SERVICE
o o ° o
. [ -
ENCODER 2
oo A4
MAIN POWER INFUT
GND o o
° D
o o
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2.2.4 Software

For any system that includes a PC will have the software loaded on prior to shipment. In this case,
installation of the software has been completed, and PC just needs to be setup and turned on.

If you did not purchase a PC with your system, you will have to follow the installation procedure i
proceeding section.

2.2.4.1 Installation procedure

If you would like to have TestResources install the software for you, simply get your PC connected to the
internet and contact TestResources support (support@testresources.com). They can remotely connect to
your PC and do the installation for you. Keep in mind that the controller runs on an Ethernet connection,
and so a second Ethernet connection is needed for the internet.

1. Insert the software CD into your PC.
Application Software
Calibration Certificates
Documentation
Drive Software
Drivers
MTL32_2020-Kit
Settings
Shortcuts
W2.56P 1.0.0.37 082P

2. Onthe CD, Go into the folder Basic > MTL_2020-Kit, and run setup.exe.

On the CD, go into Basic > “kit” (which will be something like V2.44P 1.0.0.35.080). Copy and paste all of these files into
C:\MTL32 2020

On the CD, go to the Application Software folder. Copy and paste all of these files into C:\MTL32 2020

Install additionally software applications. This includes custom software and will have specific instructions.

On the CD, go to the “Settings” folder and copy and paste the system settings to C:\MTL32 2020\Settings

Copy and paste shortcut folder from C:\MTL32 2020\Shortcuts into:
C:\Users\Admin\AppData\Roaming\Microsoft\Windows\Start Menu\Programs\TestResources

w

No ok

NOTE - “admin” above will be the name of the PC, and may not
actually be “Admin”. You will have to create the TestResources
folder within the Programs folder.

NOTE - If you do not have the shortcuts, or need to set them up, use the following instructions:
a. Setup the “Properties” for the MTL32_2020 and TestBuilder shortcut.

<« AppData » Roaming » Microsoft » Windows » StartMenu » Programs » TestResources

~
~

Name Date modified Type
s
1Bl MTL32_2020.exe - Sharteut A/20/IMA 01T AM  Sharteut
%8 TBReportGenerat, Open
78 TestbuilderV3_207 Open file location

Enable/Disable Digital Signature lcons

Run as administrator

@

Troubleshoot compatibility

Pin to Start

Edit with Notepad++

Scan with AVG

Permanently shred with AVG

WinZip >
Pin to taskbar

@ 3 EE

Scan with Malwarebytes Anti-Malware

Restore previous versions
Send to >

Cut
els Copy
ocumy Create shortcut
Delete

Rename

Properties
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8.
9.

b.

C.

d.

MTL32_2020 shortcut properties

Target >>>>

Privilege Level >>>>> Enable run this program as an administrator

C:\MTL32 2020\MTL32 2020.exe “SiteID” “out file” “0 or 1~

| Security | Details | Previous Versions
| General | Shorteut | Compatibiity

Security Details Previous Versions
Shorteut Compatiity

E|‘="m MTL32 2020
Target type Application
Target location: MTL32_2020
Target: CAMTL3Z_2020\MTL32_2020.exe StelD MTL3:
Startin CAMTL32_2020
Shortcut key: Mone
Bun: I MNormal window -4 I
Commert:

Open Fle Location ] [ Change lcon.. ] I Advanced... I

IF you have problems with this program and it worked comectly on
an earier version of Windows, select the compatibility mode that
matches that earfier version
Help me choose the settings

Compatibility mode

[Clun this program in compatibilty mode for:
Windows XP (Service Pack 3

Settings
[ Run in 256 colors
[ Run in 640 x 480 screen resalution
[ Disable visual themes
[ Disable desktop compostion
[ Disable display scaling on high DP| settings

Privilege Lewvel
Run this program as an administrator

[ @Owangeseﬁmgsforalluseﬁ ]

[ ok ][ camce ||

Aoply

TestBuilder shortcut properties

ok | [ cancel ][ sopy

Target>>>> C:\MTL32 2020\TestbuilderV3 2020.exe “Site]D” “Station No”

Note — typically station no. is 0

r o
ot TestbuilderV3 2020 Pmpﬂﬁes‘ [
| Securty Previous Versions |
General Compatibiity
[iﬁ TestbuilderV3_2020
Targettyps:  Application
Target location; MTL32_2020
Target: \NTL32_2020\TestbuilderV'3_2020.exe StelD
Startin:
Shorteut key:
Run [Normal window v]
Comment:

Open File Location | [ Ghange Icon... | [ Advanced... |

J [ comoal [ oy ]

Pin the TestBuilder and MTL32_2020 shortcut either the desktop or Toolbar.

MTL32 2

exe - Shortcut

TBReportGen

e

Install all drivers sent with the system. These are only used for support, but should be installed at this time.
Install the Drive Software. Again, this will only be used for support.
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2.3 Additional required items needed to support the testing system

2.3.1

23.2

2.3.3

UPS

The purpose of a UPS with the system is to provide power surge protection, waveform quality, and battery
backup in the event of a power outage. At a minimum the PC, monitor, and controller should be connected
to the UPS. Follow the instructions from the UPS manufacture for installation.

The recommended UPS model is CyberPower CP685AVR 685VA 390W.

Tools

Some necessary tools will be provided with the system, such as a torque wrench. Contact your
TestResources project manager assigned to your system for more information regarding specific tools
needed for your system that will not be provided.

Computer Specifications and Operating System

A PC is required to operate a TestResources electrodynamic test system. When possible it is preferred that
the PC is purchased through TestResources to ensure that software, and supporting drivers are installed
correctly. Another option is to send TestResources your PC for software, and driver installation. If using
your own PC, it is recommended that a PC similar, or better than the following is used.

Recommended PC Specifications

RAM 8 GB

Processor 15,3.2 GHz

Hard Drive 500 GB

Monitor 19 inch

0S Windows 7, Windows 8

2.4 Additional items that support the system, but are not required.

241

24.2

24.3

24.4

24.5

Lighting

Some test equipment accessories, such as video extensometers, require professional lighting to ensure
accuracy in test results. Contact the test equipment manufacture or TestResources support for more
information.

System Enclosure

When testing specimens that have the potential to fracture or explode, especially under stress, it is
recommended that a system enclosure be installed with the testing system. Contact TestResources sales for
more information regarding custom system enclosures.

Cable Management

Each electrodynamic testing system will have a variety of cables including motor power, motor feedback,
main power, load cell, strain gauge, Ethernet com, serial com, etc. Once installed, most of these cables are
run from the back of the PC, powerpack, and frame. When against a wall, these cables are against the wall
and out of the way. However, in high traffic areas, or when cable management is important, additional
cable management may be needed.

Table

Many of the electrodynamic test systems are designed to be located next to the PC on a lab table. When
putting an electrodynamic test system onto a table check to ensure the table capacity will hold the weight of
the system. Additionally, vibration dampening tables may be required for low force testing.

Storage

Additional space for grips, fixtures, and testing accessories will help keep the workspace around the
electrodynamic system clean and organized. Contact TestResources Project Manager, or technical support
for help determining what size storage may be required.
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2.5

2.5.1

2.5.2

2.5.3

Electrical Power Service

Electrodynamic system powerpacks have two power inputs; (1) controller power, and (2) main power. The
control power must be run through a UPS with surge protection. The main power must be run to a
dedicated circuit breaker. The main power circuit breaker should be setup within 10 feet of the system such
that the main power cord will easily reach.

Required electrical power for the system can be found on the system label, which is located on the
powerpack of the system. Power requirements vary system to system and therefore the system label must
be checked.

TESTRESOURCES (€
800 SERIES ELECTRODYNAMIC

FATIGUE TEST SYSTEM

MODEL NO. 800LKMX4-6

SERIAL NO. 1603050-01
208-240VAC,50/60 Hz, 19+G

POWER RATING 110-120VAC, 50/60 Hz, 164G
12 Amps (for main)

CURRENT 4.6 Amps (for control)

SCHEMATIC NO. 40001304-02

DATE JUNE 2016

Size of upstream circuit breaker

Service power ratings will be dictated by local regulations, but in general, the upstream breaker should be
125% the system continuous current rating. For example, if the main power continuous current rating is 12
A, then a 15 A breaker should be installed.

The system is fused as well, but a dedicated circuit breaker should still be installed.

Rating: voltage, range, and frequency

Power ratings for the system will appear on the system label. The voltage will have an acceptable range, phase
(single or three), and acceptable frequency.

Max power rating in amp

The power rating of the system is given in amps. This value is the maximum continuous current rating of
the system. In other words, this is the highest current draw the system pull when running at full capacity
(something is not necessarily typical as you can control the motor load).
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2.6 |Installation of Mechanical Testing Accessories
2.6.1 Load cells
2.6.1.1 Axial Load Cells

Axial load cells are the most common type of load cell used with an electrodynamic testing system. These
load cells have a threaded base and active region, both of which have threaded holes for attachment. These
can be installed onto the top or bottom of the frame.

2.6.1.2 Small Axial Load Cells

Low force WMC load cells are supplied with female cup adapters for easy attachment to and from the system.
Once the load cell is attached, simply snug up the spanner nuts to remove any backlash from the pin and post
adapter.

2.6.1.3 Axial Torsion Load Cells

Depending on the system, there may be additional adapters to mount the axial torsion cell to the frame.
Therefore these instructions are for attaching the axial torsion load cell to either the frame, anti-rotate, or
adapter.

1. Take the spacer and load cell and together, with the flange side down, attached them to the crosshead/anti-rotate/adapter using the
M10x1.5 HEX bolts. Only finger tighten the HEX bolts at first.

2.  Follow a star patern, and torque the M10x1.5 HEX bolts to 20 ft-lbs. It is very important to follow a start pattern when torque the bolts, or
else the load cell will have some error due to uneven tightenting.
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2.6.2 Grips

Grips and fixtures attach with a pin and post system. Lastly, a jam nut is used to remove any backlash from the
fixture.

2.6.3 Extensometers — mechanical, video, laser
See specific user manuals for more information.
2.6.4 Oven/furnace

See specific user manuals for more information.

2.7 Unpacking, and Packaging

Electrodynamic testing systems come in many shapes and sizes, which means the factory packing will vary
greatly system to system. That means that these instructions are meant to be generalities, and may not
include specifics with your testing system. That being said, you should be able to unpack, and pack most
systems with these instructions. If however you need additional support, contact TestResources Project
Manager, or Technical Support.

2.7.1 How to Unpack the Machine
2.7.1.1 Max angle of tilt

Systems are designed without consideration of maximum angle of tilt. Therefore, you should never lift a
system that is not upright and level, or risk it tipping and being damaged. The one exception to this is any
system that is shipped laying down. In this case, the system must be tipped upright before lifting/moving.

2.7.1.2 Lifting points

Lifting points will vary system to system. Contact the project manager for more information if lifting points
are not clearly defined.

2713 Weight

Weight will vary system to system. Contact the project manager for more information.

2.8 Final review of check-off/inspection for a correct installation

Checklist:

Email:
support@testresources.com
Phone: 952-944-6534

1. Identify the TestResources project control number for any support calls.

Confirm the start and finish dates of the system warranty with the TestResources project manager. Log this information in the Quality

System schedule.

Confirm all items on TestResources quote

Visually inspect all items for shipping damage. If any scratches or dents or other damage are detected, contact TestResources for

appropriate resolution.

Confirm the machine has been assembled on site consistent with the instructions in the user manual.

Confirm electrical power available. See section 2.5 for where to find required electrical power.

Confirm the environment in the lab is reasonable room temperature and humidity.

Confirm the computer is situated next to the test machine such that the operator can see the test specimen while operating the

software.

9. Confirm there is sufficient space in front of the test machine such that the operator can conveniently change the test specimen,
change the specimen fixtures, and raise or lower the machine’s crosshead.

10. During subsequent maintenance steps for machine operation verification, the machine will be operated dynamically. It will transmit
small mechanical vibrations into the table and floor of the lab. Confirm there is no other equipment or instrumentation close by which
would be adversely affected by these vibrations. If this is a problem, it may be possible to partially mitigate it by vibration isolation
strategies. Discuss this with the TestResources project manager if necessary.

11. Confirm the load cell calibration certificate has been received. Confirm the certificate is signed and dated. File this document in the
Quality System file.

12. Confirm the appropriate recalibration period for the load cell (typically 1 year). Log the recalibration deadline in the Quality System
schedule.

13. Document your plan for re-calibration of the load cell on a yearly basis. If the load cell and controller are to be sent back to
TestResources for recalibration, make plans for reusable packing material for shipping. File this recalibration plan in the Quality System
documentation.

14. Confirm the digital encoder displacement transducer calibration certificate has been received. Confirm the certificate is signed and

Hw

®~No o
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15.

16.

dated. File this document in the Quality System file.

Confirm the appropriate recalibration period for the displacement transducer (typically 1 year). Log the recalibration deadline in the
Quality System schedule.

Document your plan for re-calibration of the displacement transducer on an annual basis.
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3 Operation

3.1

3.1.1

3.1.2

3.1.3

3.2

Introduction with safety precautions

Mechanical testing is an inherently dangerous activity since the product being tested may behave or fail in a
way that is not expected. The nature of testing is to determine what happens when various conditions are
present that have never been tested before.

In addition, servo-controlled systems, by their nature have many variables that must be factored in real time
by the operator of the machine. In many cases, the person wanting to operate the machine may be lacking
in training or experience and so may choose to place a sample in a dangerous mode.

This is the nature of performing research on new products and materials. Since all materials and products
fail in different modes, the customer is responsible to determine the risk and to solve the problem of
minimizing it.

For example, if the material tested is brittle and fails in a catastrophic and dangerous manner, a safety
enclosure is recommended to contain the product being tested. TestResources offers safety enclosures as
products for purchase in these cases, so contact the firm for pricing information. L Series Systems
components have been selected for high quality workmanship and durability, but if the system shows any
sign of deterioration, contact TestResources.

Since 800 Series Electrodynamic Test Systems are capable of moving at high force and speed, only trained
operators should be authorized to use the system.

Personal Protection Equipment

When operating any mechanical testing equipment, safety glasses and steel/ceramic toe shoes are
recommended to protect eyes and toes. Electrodynamic testing systems can generate large forces, enough to
break bones, or crush body parts. Enclosure shields can be installed to prevent movement when performing
setup on the system.

Training Requirements
To safely operate an electrodynamic testing system requires certification from TestResources.

Precautions for Safe Operation

Operator qualifications

TestResources Test Systems are a highly sophisticated technical piece of equipment that should only be
operated by qualified or competent operators. Non-qualified and non-competent operators are at risk of
getting injured by the mechanical components of the machine or more likely, damaging electrical and
mechanical components of the test system. As a minimum, to operate this machine you should have
experience with material testing, strong understanding of control systems, and strong understanding of
Microsoft Operating Systems. Additional training is recommended to ensure damage to the operator or test
system does not occur.

TestResources strongly suggests that any operator is trained by a technical support (or similar) member of
the TestResources engineering team. You, the purchaser or operator, have the responsibility to get training
before operating any of TestResources Test Systems. Training can be done through on-site visit from a
TestResources Engineer, over the phone training, and online remote training.

Operators of TestResources 300 Series Test Systems are broken into two categories; qualified and
competent. Qualified operators that those individuals who have complete understanding of the test system
and can be responsible for programing new tests, running tests, grip/fixture setup, and troubleshooting
problems, whereas a competent operator can be responsible for running tests, and grip/fixture setup.
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Qualified Operator Prerequisite

A qualified operator must have experience with material testing, strong understanding of control systems,
and strong understanding of Microsoft Operating Systems. Additionally, they must be trained by a

- TestResources engineer and pass a Qualified Operator test.

Competent Operator Prerequisite

A competent operator must have a strong understanding of Microsoft Operating Systems. Additionally,
they must be trained by a TestResources engineer and pass a Competent Operator test.
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3.2.1 Qualified — must pass a test (w/ certificate)

Within any lab, it is recommended that there is at least one qualified operator. This will ensure that there is
a testing expert available for correct system operator and maintenance. This is important because the
qualified operator can also serve as the main contact with TestResources for technical support, and system
calibrations. Additionally, they can serve to train in competent operators as needed.

Prerequisites for a qualified operator include:

Computer skills such as excel
Testing experience

Data analysis experience
Engineering degree

Additionally, the qualified operator candidate must be trained by TestResources technical
support/engineering. Training includes system components, safe operation, and test setup. We cover
everything from load cell readings, to tuning PID control loops. Information related to wiring transducers,
and tuning PID control loops is rather complicated and it is recommended that someone with an
engineering degree or background be a candidate for a qualified operator.

Once trained, the qualified operator will be knowledgeable in safe system operation and will be ready to start
testing.

3.2.2 Competent - (w/ certificate)
A competent operator is someone who will have fewer responsibilities on the testing system, but has been

trained to understand safe operator on the equipment.

Prerequisites for a competent operator include:

. Mechanically inclined
. Able to operate a PC comfortably

As with the qualified operator, the competent operator must be trained by TestResources technical
support/engineering. The training will center around safe operator of the equipment, running preset tests,
and recording data from that test.

3.3 Description/explanation of each hazard warning label.

Hazard warning labels are in place to ensure operators are aware of dangers inherent to the test system.
Definitions and descriptions of each hazard warning label found on the machine are shown below.

Contact may cause
electrical shock and injury.

Turn off & Ifnfk-nul system

hafara

AWARN I NG Hazardous Voltage Warning
Hazardous This label indicates dangerous voltage within the powerpack. Do not open the
voltage. powerpack until after the lock-out procedure is followed to turn off the machine. Only

service electrical components if you are a certified electrician in the state or county in
which the test system is located.

A CAUTION

Risk of Eye
injury.

Wear proper
eye protection.

| during operation.

Pinch Point Warning

This label indicates a potential pinch point between the base of the test system, and the
moving actuator. Keep hands clear when either the GREEN or YELLOW indication LED
is on.

Risk of Eye Injury Caution

Some specimen (typically brittle material) may shatter during testing and eye protection is
necessary to prevent injury. You, the operator, are responsible for determining if your
specimen may shatter during testing. If you are unsure whether or not your specimen may
shatter, you must wear eye protection.
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3.4 Safety features — engineering, hazard warning labels

3.4.1

There are two main concerns when it comes to operating this system; prevent damage to your person, and
prevent damage to the machine. There are a number of different safety features engineered into the system
design for safety, and hazard warning labels for areas that are dangerous. Before the testing begins, it is
important to understand the various safety features of the machine, and the inherit dangers.

System Outline

The system shown below may not match your system, but many of the same components are used, and the
terminology will apply. This diagram is meant to define various components on an electrodynamic testing
system. Items related to safe system operation will be covered in the proceeding sections.

Status

TESTRESOUI
LED’s o

" [
Fuses

System
Label

Emerge
Stop

ncy

Hazard
Warning
Label

System
Capacity
Label
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3.4.1.1 Hazard warning labels

There are three areas marked with hazard warning labels and they should be a point of concern when operating
the equipment.

First, the pinch point label applies to multiple points where fingers could be crushed. When the crosshead is
moving, the machine can only sense contact through the load cell. Therefore, the area between the anti-
rotate and crosshead is a pinch point. Fingers should never be on the top side of the anti-rotate.

Second, fingers should never be on the lower side of the load cell. This location is dangerous because
fingers could be pinched as the actuator moves the anti-rotate assembly down. Additionally, fragile
specimens can also be damaged in this location, but the risk can be mitigated through software limits.

3.4.1.2 Safety devices
3.4.13 E-Stops

Both hardware and software versions of E-Stops can be found on the TestResources 800 Series
Electrodynamic Test Systems.

Hardware Emergency Stops

Physical emergency stops can be found on the front on some versions of powerpacks, and on a moveable
emergency stop box. The moveable emergency stop should be placed within reaching distance of the
operator during all times.

Pressing any emergency stop will cut power to the actuator; this in turn cuts connection with the control
system. The machine is now in a powered on state, however power is not enabled and operation is not
possible, and software will be locked.

After releasing the emergency stop the state of the machine will not change, however the software will no
longer be locked.

Software Emergency Stops

MTL32 and TestBuilder have emergency stops built into the toolbar. These allow operators on the
computer to quickly stop the machine if a problem occurs.

Pressing any emergency stop will cut power to the actuator, this in turn cuts connection with the control
system. The machine is now in a powered on state, however power is not enabled and operation is not
possible, and software will be locked.

After releasing the emergency stop the state of the machine will not change, however the software will no
longer be locked.

3.4.1.4 Fuses

Fuses are used to protect valuable electrical equipment from over loading. Replacement fuse size can be
found labeled on or near fuse boxes in the machine.

3.4.1.5 Circuit breakers

In some cases, circuit breakers are used instead of fuses, but serve the same purpose. Additionally, building
power circuits should have circuit breakers for the main power. Circuit breakers should be properly sized
based on the current rating, which can be found on the system label.

3.4.1.6 Status LED’s

Each testing situation is different and for that reason only our standard safety devices are listed in this
manual. Per customer agreements, TestResources can provide safety shields, proximity sensors, and shields
to be equip onto any test system.

Within MTL32 2020 and TestBuilder software programs operators have the ability to set motion limits of
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the machine. See the MTL32 2020 and TestBuilder manual to ensure that these limits are set properly.

\-) GREEN High voltage power into the test system is ON but the control circuit in
P OWER not engaged therefore operation is not possible.

YELLOW High voltage power into the actuator is ON and control circuit is

I :N ﬁ BI I : engaged allowing for operation.
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3.5 Equipment — describes set-up, equipment use, programing, etc.

3.5.1 System drawing with explanations of various components.

Powerpack

Anti-Rotate

TESTRESOURCES

'l

Load Cell
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3.5.2 Grip attachment (& ratings)

Adapter Type Image Drawing Rating
Axial: 20kN
15.8/8 Male Post Torsion: NA
@.315 THRU 622
(SMM)\ 3937
\O .8l50
1
W
Axial: 50kN
31.7/12.8 Male Torsion: NA
Post — 1.2480—+
5472 THRU
(12.8MM)
\ .an
O
1.732
\ |
( |
| |
50/25 Male Post s Axial: 200 kN
@.9843 THRU—~_ | ohzs
O 2.0472
|
|
|
Axial: NA
Flange Adapter Torsion: 200 Nm
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3.5.3

Basic test setup and operation — quick start. Reference s/w manuals as needed.

The quick start guide will step through the entire process of setting up a fatigue test, and will include pictures
to assist the process. If needed, contact TestResources support for additional training.

Turn on Control Power and Main Power on the powerpack. The Control power is located at the back of the powerpack,and the Main Power is
located at the front. Wait 30 seconds before proceeding.

Double-click the MTL32_2020 shortcut located on the desktop. This should take around 1 minute to open. Once MTL32_2020

opens simply leave it running in the background.

Double-click on the TestBuilderV3 shortcut located on the desktop. TestBuilder will connect to MTL32_2020automatically.

Click on the Proceed>> button in the TestBuilder3 window.

Click on the Test menu from the TestBuilder Toolbar.
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3.6 Powerpack connections
3.6.1 \Various electrical connections on the powerpack.
3.6.1.1 Load (mV/V)

The load cell circuit uses a shunt resistor for calibration. The shunt resistor is must match the bridge
resistance of the load cell to work correctly. See example.

Powerpack Connector Type: 9 Pin D-Sub, Female (receptacle)

PIN FUNCTION
1 EXC +
2 GROUND
3 OUT +
4 OUT -
5 ID CHIP (not currently used)
6 EXC -
7 SHUNT RESISTOR IN +
8 SHUNT RESISTOR IN -
9 SHIELD
Shell NC
/DVERALL SHIELD
SHELL & RED
A BLK
el T LOAD
3[sig + GRM CELL
S|ID Chip
2 | Ground
7|+ SV . g BRIDGE RESISTANCE OF LC
2 [Shunt kit
Al Shieid § " SHIELD TIED TO CONNECTOR
3.6.1.2 Strain (mV/V)

Load and strain inputs both operate on the same circuitry.

Powerpack Connector Type: 9 Pin D-Sub, Female (receptacle)

PIN FUNCTION

1 EXC +

2 GROUND

3 OUT +

4 OUT -

5 ID CHIP (not currently used)
6 EXC -

7 SHUNT RESISTOR IN +
8 SHUNT RESISTOR IN -
9 SHIELD

Shell NC

3.6.1.3 HL (Analog Input)

HL is an acronym for High-Level. HL inputs are analog inputs, typically +/- 10 VDC, but controllers can be
modified for +/- 5 VDC.

Powerpack Connector Type: 9 Pin D-Sub, Female (receptacle)

[ PIN | FUNCTION
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1 + ANALOG INPUT
2 NC
3 - ANALOG INPUT
4 NC
5 NC
6 REF. GROUND
7 +5 VDC (for excitation)
8 +12 VDC (for excitation)
9 +24 VDC (for excitation)
Shell NC
3.6.1.4 Encoder - for Strain Measurement Only

Encoder connections are dependent on the controller type. Contact TestResources for more information.
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Powerpack Connector Type: 9 Pin D-Sub, Female (receptacle)

PIN FUNCTION

1 NC

2 A+

3 A-

4 B+

5 B-

6 REF. GROUND

7 +5 VDC (for excitation)
8 +12 VDC (for excitation)
9 NC

Shell NC
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3.7
3.7.1

3.7.2

Intended use of the equipment

System Rated Capacity — Testing Range

Each system has limitations on force, and speed, and these limitations must be followed. Each system has a

label found on the front which shows the rated capacity of the system.

SYSTEM CAPACITY RATING

STATIC FORCE* 11,500 Ib (50 kN)
FATIGUE FORCE* 11,500 Ib (50 kN)

SPEED MIN. 0.001 in/min (0.025 mm/min)
SPEED MAX. 10.000 in/sec (254 mm/sec)
STROKE LENGTH 9.00in (203.2 mm)

FREQUENCY 15 Hz**

* Load cell rating may be different, check load cell before operation

** Stroke dependent

Disp. vs. force plots

The performance data plot shows actuator performance at 80% continuous current draw in displacement
control with no specimen load. This will allow for an approximate max displacement at a frequency, and
glve room for spec1men loading. Amphtude is equal to half the peak to peak displacement. Use this plot as

Amplitude [in]

Amplitude [mm]

Amplitude [in] vs Frequency

2.5

<

Frequency [Hz]

Amplitude [mm] vs Frequency

60
*
50

ee
—t——o—o

Frequency [Hz]

asts. Performance may vary.
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3.7.3 PID Tuning

Electrodynamic systems from TestResources are factory tuned for universal use. There are situations where
the factory tuning parameters will not work for a specific application and need to be modified. The
complexity of tuning a system can vary, but at the most basic level you will start by adjusting the coarse
gain in MTL32 2020 software. This document walks through how to tune a control channel using the
coarse gain of MTL32 2020. This process can be applied to Position, Load, and Strain control channels
that were factory tuned and only need slight modification.

Before adjusting tuning parameters a proper diagnosis must be done to confirm the issue is in fact a tuning
issue. Below is a list of situations that could require tuning the coarse gain.

Issue Most Likely Solution
Poor waveform quality Adjust course gain
System is vibrating (audibly) when turned on Coarse gain is too high
Change to servo settings within MTL32_2020 Adjust coarse gain

advanced settings window, or within servo amplifier

Unable to reach expected test Hz Coarse gain is too low

Various elasticity in test specimen Adjust course gain

Below is the tuning window of MTL32 2020 software. Individual parameters are defined below.

Channel Live
Chann
el Display
nRNG1F—

Advance 850515

d 850510~

Settings 0 0.850505-

Gain | ssn40s-

Gain
PID
Values
Figure 1. MTL32_2020 tuning window

Parameter Definition

Channel A drop down that includes all the input channels on the system controller. These include
Load, Strain, HL, and Encoder inputs. Each channel will have individual
control gains that must be independently setup.

Advanced Settings Do not adjust items in this window. These are factory settings only.

Gain - Coarse & Fine Coarse Gain is the main gain used on the control channel and has a significant effect on
system performance. Use the arrows to adjust up and down (+/- 1).
Fine Gain the slide bar is basically the decimal of the coarse gain number. If
Figure 1 was adjusted, all the way to the left would be 24.0, middle would be 24.5, and
right would be 24.99.

PID Gain Values Factory setup PID control gains. These do not need to be adjusted.

Live Channel Display Actual input from the transducer.
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Target Movement Tuning

To tune using this technique, a basic target test is setup using the Function Generator. The following chart
should be used for the test setup parameters.

Control Channel Set Point Rate

Position 10-20% total range 25-50% max rate
Load 1-5% total range 2% Capacity / Sec
Strain 1-5% total range 2% Capacity / Sec

The following shows systems responses with various coarse gain parameters. Each chart has GREEN set

point and ORANGE feedback. Adjust your system according to the following charts.

Under Tuned — INCREASE the Gain by 0.25 (slider bar +1/4) and repeat the target movement

E 6 £ 88580 2
N

Notes:

Under tuned system have large lags between the set
point and feedback, and slow acceleration. Typically an
under tuned system will have very little vibration noise in
the actuator.

Over Tuned - DECREASE the Gain by 0.5 (slider bar -1/2) and repeat the target movement

POSITION,ir

— SPcuain_in

Notes:

Over tuned systems are often very loud, which is caused
by vibrations in the actuator. This must be fixed ASAP or
risk actuator damage.

Time_soc

Correctly Tuned

POSITION_in

= SPhchision_in

0
(3

LE
[F:3
0z
024

0z
413
[
o

Notes:

Correctly tuned systems are not loud, and have minimal
delay between the set point and the feedback.

41380
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Cyclic Movement Tuning

To tune using this technique, a Cycle test is setup using the Function Generator. The following chart should be
used for the test setup parameters.

Control Channel Amplitude Frequency
Position '> Motor Pitch (0.05” - 0.25™) 1 Hz
Load 1-5% total range 1 Hz
Strain 1-5% total range 1 Hz

The following shows systems responses with various coarse gain parameters. Each chart has GREEN set
point and ORANGE feedback. Adjust your system according to the following charts.

POSITION in_— SPhctustor]_in

0 i Notes:

001 . The feedback has a large delay from the set point, and
does not hit the peaks or valley points.

Time sec

Under Tuned — INCREASE the Gain by 0.25 (slider bar +1/4) and repeat the target movement

FOSITION in_— SPActuatarl_in_]

p .
b Notes:

0.

0.

e The actuator is audibly louder, and oscillations can be
° seen in the feedback signal. Decrease gains ASAP to avoid
o damaging the actuator.

0

SRS ERL T el

Correctly Tuned

POSITION_in_— SPActustorl_in

[IEI S

0

a0,

0 Notes:

.

o

e The actuator is audibly quite. There can be slight phase
] 74 - delays, but peaks and valleys have less than 2% error. If
s i unable to hit peaks and valleys the amplitude may be too
p large for the set frequency.

DU

1.

0

£

0

’ 288 f

Time_sec

Over Tuned - DECREASE the Gain by 0.5 (slider -1/2) and repeat the target movement
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4 Maintenance

These instructions will help keep your electrodynamic system running well for as long as possible. Most
electrodynamic systems are used in fatigue applications and are exposed to cyclic load forces, which will
over time wear down mechanical components. By following the maintenance procedure outlined here, you
will dramatically increase the life of your electrodynamic system.

4.1 Procedures/timeline for adjustment, servicing, inspection, and repair

Maintenance Item Reference Section Timeline

Operation Qualification 4.2 Annually

Calibration 4.3 Annually

Safety Devices 4.5 Quarterly

Cleaning 4.6 Harsh Environments — Weekly
Lab Environments — Quarterly

Lubricating 4.6 10 Million Cycles

4.2 Inspection System Operation

As part of a maintenance plan, the qualified operator should setup a basic test to verify holistic operation of
the system — mechanical, electrical, and software. The following is an outline that can be used.

1. Confirm the computer boots; and you are able to start the TestResources application software program.

2. Bring the system to the ready state and confirm operation in manual control of displacement.

3. Confirmation when e-stop is press actuator cannot be enabled from software

4.  Confirmation of full stroke travel in actuator. Drive limits will stop the actuator at upper and lower limit.

5.  Confirmation to reach max static load.

6.  With the system in the ready state, perform a shunt calibration check and confirm appropriatereadout.

7. Software limits function for position and load

8.  Setup a basic verification of calibration for position and load

9. Tune load and position gain settings or check / verify settings from manual or documentations received pertaining to the system.

10. Set up and run a basic fatigue and static test, gather data and confirm it exports to MS Excel or a .CSVfile

11. Confirm the appropriate test operators have completed the system operation and maintenance activity. Document these names in the
Quiality System.

12. Confirm each operator is trained in the frequent maintenance procedure of cycling the actuator through its full travel several times
before each test to ensure good distribution of the lubricant inside the actuator.

13. The test machine should be in the ready state in displacementcontrol.

14. Operate the machine with no test specimen to confirm displacement closed loop control and stable operation of the machine:

a. Operate the machine in manual control (Jog Mode). Confirm the machine’s actuator can be controlled and remains stable
as needed for installation of the test fixture and specimen.

b. Operate the machine with a sinusoidal program signal at 1 Hz, 0.25 inch double amplitude or appropriate test
displacement. Confirm the machine remains stable. Confirm the force and displacement data is appropriate. (The force
data will be small because there is no specimen. It will exhibit small inertial cyclicalforce).

15. Mount a dummy test specimen in the test machine. Perform a partial monotonic test to some set small force not destructive to the
specimen. Confirm the force and displacement data/plot appears appropriate.
16. Run a partial cyclical test at low (nondestructive) amplitude and 1 hz for about 500 cycles.

a. Confirm the load and displacement feedback data appears appropriate.

b.  Confirm the cycle counter operated appropriately.

C. Assess the vibration transmitted around the lab, if any. If these vibrations are deemed undesirable to any nearby
equipment, take appropriate mitigating action. That may include damping material under the test machine. Consult your
TestResources project manager for advice if needed.

17. Manually move the crosshead and secure it at a new location. Confirm the test operators are trained as to how to do this safely with
minimal risk to the load cell.
18. Confirm all trained operators are capable of performing all of the operations in this section.

4.3 Calibration

During system checkout at TestResources factory load, strain, torque, and position calibrations are
performed. Per the calibration standard, verification of these devices needs to be done on a regular basis to
check for accuracy. TestResources follows the following calibration standards with the following
calibration schedule.

TestResources can be contracted for annual calibration work. We offer on-site calibrations and in many

cases, equipment can be sent back for calibration at our factory. For more information contact
TestResources sales.
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Transducer Calibration Standard Timeline
Load Cell ASTM E4 Annually
Motor Encoder (position) ASTM E2309 Annually
Strain Gauge (extensometer) ASTM E83 Annually
Torque Cell ASTM E2624 Annually
Speed ASTM E2658 Annually
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4.4 Lock-Out Tag-Out Procedure

Inform the building/lab manager of the lock-out tag-out procedure. In the event of an emergency, building
personnel need to be understand how to safely turn off any electrodynamic system. It is advised, that this
section (or a condensed version) be posted near the system such that any person, including EMC personal,
are able to turn off the system.

The following is for emergency situations only. Following this shutdown process will result in loss of testing
data and unsaved items.

1. Press the emergency stop
2. Turn off main power, located on the front of the powerpack
3. Turn off controller power, located on the back of the powerpack

The following is for a safe complete system shut down, which should be followed when doing system
maintenance.

. Press the emergency stop

. Turn off the main power switch, located on the front of the powerpack

Shut down any TestBuilder applications/programs

. Shut down MTL32_2020 software

Turn off controller power, located on the back of the powerpack

. Wait at least 5 minutes before opening the powerpack or removing any electrical devices

oA wWN

4.5 Description and periodic inspection of the safety devices
4.5.1 Emergency Stops

Both hardware and software versions of E-Stops can be found on the TestResources 800 Series
Electrodynamic Test Systems. Physical emergency stops can be found on the front on some versions of
powerpacks, and on a moveable emergency stop box. Pressing any emergency stop will cut power to the
actuator; this in turn cuts connection with the control system. The machine is now in a powered on state,
however power is not enabled and operation is not possible, and software will be locked. After releasing the
emergency stop the state of the machine will not change, however the software will no longer be locked.

To test that the emergency stops are working correctly, first completely power on the system and enable the
motor/actuators through TestBuilder software. The amber LED’s on the powerpack will be lit when the
system is enabled. Next, press the emergency stop. The system should change to a disabled state which
will be indicated by a FAULT in TestBuilder software, and the amber LED will turn off. Repeat this
process and check all emergency stops.

In the event that an emergency stop is not working correctly do not operate the system and contact
TestResources technical support.

4.5.2 Interlocks

A standard electrodynamic system will have two power switches, one for the main power, and the other for
the controller. To test that these switches are operating correctly, start with the system powered down. Turn
the switch from off to on. Multiple indications including fans, electronics, and LED’s should turn on. Turn
the switch off. The indications which previously powered on will turn off.

Each electrical device in the powerpack is protected with fuses. In the event of a potentially blown fuse,
start with the lock-out, tag-out procedure. Once the system is safe to inspect, open each fuse box
individually and check the fuses. Visually inspect the fuse for arc marks, or damage. Additionally, use a
multimeter to check that the fuse has continuity. A blown fuse should be electrically isolated end to end,
therefore, if there is no continuity then the fuse is likely blown. Fuse labels inside the powerpack (often
located on the inside of the door) will indicated safe replacement fuses.

4.5.3 Panel LED’s

LED’s are used with the powerpack to indicate when the system is in a powered state, and when the system
is enabled. Check that LED’s labeled “power” turn on when the corresponding power switch is turned on.
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Additionally, check that the LED’s labeled “enable” turn on when the channel is enabled through
TestBuilder. If LED’s are not working, replace LED bulb by unscrewing the front colored cover of the
LED.

4.5.4 Software safety’s

Ensure that the system is able to boot up, and connect to the software without any hookup failures.
Additionally, the system should be able to sit idle for multiple days without issues. If hookup failures occur,
contact TestResources support for help.

4.6 Cleaning and Lubricating

Electrodynamic systems from TestResources are designed for fatigue testing, however care must be taken
to ensure the equipment does not fail due to fatigue itself. This is the single most important information for
system maintenance. Mechanical components in the actuator will wear over time, and this is accelerated
from small movements, such as those done during cyclic loading. Over time, mechanical components in the
actuator push grease away from surfaces in contact. For small movement cyclic tests, this can produce
metal on metal contact after an extended period of time, and this is the cause of accelerated wear.

To prevent accelerate wear of the mechanical components within the actuator need to have grease

redistributed across all surfaces. This is done by moving the actuator through its full stroke. This should be
done, at a minimum, every 10 million cycles.
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4.7

4.7.1

Troubleshooting procedures

Common Issues

Observed Problem Possible Cause
Unable to connect to the controller . IP address is incorrect. (see section 4.7.1)

[ DSP card has failed and must be replaced.
Occasional Communication disruption (Hookup Error in e UPS with surge protection is not being used
MTL32 2020) . PC firewall is stopping data stream

. PC sleep/hibernate settings are not disabled

Actuator grinding e Tuning is too hot, and the actuator is rattling. Turn down the gains.
. The actuator has mechanical damage. The actuator must be replaced.

Poor performance . If in load control, check that all connections in the load train (grips,
adapters, load cell) are tight. Loose connections are backlash and it is
difficult to have good control when there is backlash in the load train.

. The gains are not correct. See section 3.7.3 Tuning for more information.

Load cell is not plugged in.

Load cell settings in MTL32 2020 where changed.
Load cell shunt in MTL32_ 2020 must be reset.
Load cell is damaged.

No load cell reading

Ground issue. Check motor power cable shields are securely tied to
ground. Also check shield on input channel cables. Lastly, ensure the
frame is tied to the powerpack ground lug located at

the back of the powerpack.

Spikes in the input channels (load, strain, HL, etc.)

Problems Connecting MTL32_2020 to the Controller

1. Check the IP address setup on the PC.
a. Connect the PC to the controller serial port. This should be done using a USB to serial adapter cable provided by TR.
b.  Go to Start => Network and Internet => Network and Sharing Center => Change adapter settings => right click on the Local Area
Connection and select properties => Double click Internet Protocol Version (TCP/IPv4)
C.  TheIP address in the IPV4 should have the same domain as the controller.

Internet Protocol Version 4 (TCP/IPv4) Properties 2=

General

You can get IP settings assigned automatically if your network supports
this capability. Othernise, you need to ask your network administrator
for the appropriate IP settings.

) Obtain an IP address automatically
@ Use the following IP address:

IP address: 192 .188. 0 . 136
Subriet mask: 255 .255.255 . 0
Default gatewsy: 192.188. 1 . 1

Obtain DNS server address automatically

@ Use the folloning DNS server addresses:

Preferred DNS server: 202 . 138 . 103 . 100
Alternate DNS server: 202 .138.9 . 2
[T validate settings upon exit

If you have the port settings correct, and still cannot connect, try to PING the controller (step 2) or check the
controller IP address with Putty (step 3).

2. PING the controller from the command prompt.
a. Power up the controller
b.  To open the command prompt window: Go to start => type run in the search program and files box => click on run => the run
window appears. In the open box type cmd and press OK.
C.  Pingthe IP address of the controller.
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E C Wmdows\systamlz\cmd exe

Microsoft Windows ion 6.1.76811
Copyright Cc) 20089 nmmouft Corporation. A1l pights reserved.
C:\Users \Prashant?ping 192.168.0.111

Pinging 192. nl-‘ data:
[Reply from 1
Reply from
Reply from H
Reply from 192.168.@.111: byt

Ping statistics for 192.168.8.111:
acket Sent 4. Received = 4. Lost
Approximat: ound trip times in mil
Minimum = Bms, Maximum = 1ms. Average

168.8. 111 ult]\ 32 hytes
92.168.8.111 32

C:\Users\Prashant>_

If you can ping the controller, the communication issue is likely due to PC Ethernet port settings. If you are
not able to PING the controller, it may be due to 1) the wrong IP address is being ping’ed, 2) the DSP card
has failed, and 3) other hardware issue.

3. Check with Putty
a. Connect serial connection to controller, and power on controller.
b.  Goto DEVICE MANAGER, and check the port that the USB to serial adapter is connected to. In this example, it would be COM37

2 Device Manager = | = il
Fie Acton View Help
TR
o e
EY)
]
x

Cc.  Open putty. C:\MTL32_2020\putty.exe. Be sure to right click and Run asAdministrator.
d.  Ensure Putty serial port settings match Device Manager port settings for serial adapter.

#8 PuTTY Configuration X

Category:
- Session
- Logging

Options cortrolling local serial lines

= Teminal
- Keyboard
Bell
- Featurss
= Window
- Mppearance
Behaviour
- Translation
Selection
- Colours
- Connection
- Data
Proxgy
- Telnet
Rlogin
+- 55H
Serial

Select a serial line

Serial line to connect to
Corfigure the serial line
Speed {baud)

Data bits

Stop bits

Party

Flow control

OM37

115200

None

<

None

<

Open Cancel

Save the settings.

Power up controller ( or restart power)
A bootup process should follow....

Sa ™o

Click OPEN to connect to Putty. Window below will open.
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P COMZ - PuTTY

i. Once boot up is complete, press enter on keyboard. It should display [root@biss:~]. If not, report back to TR. Send screen shot of
putty.

If no uses with putty, check the IP address, and verify back with PC IP domain setup (set 1), and ping controller (step 2). NOTE, to check IP
address, type “ifconfig” into putty. It will return the controller IP address.

4.8 Safe use to lift equipment

In general the equipment, specifically the frames, should be lifted with a fork lift. If frames have i-bolts,
best practice is to lift the frames with those i-bolts. If they do not, it is advised that you contact
TestResources for a best method of lifting a frame.

4.9 Special tools and equipment to test problems, and inspections

Item Use
Calibrated Multimeter Check continuity, resistance, current, and voltage of various components.
Small screw driver Unscrewing electrical connections

4.10 Suggested spare parts

The following is recommended.

Item Risk

Load Cell Load cells can be overloaded and damaged. The only way to repair them is to replacement. This
can take weeks if not already in house. New load cells will need to

be calibrated before use, and this can be done by local calibration companies within a couple
days.

Electrical relays These components have a failure rate of roughly 1%, and if they do fail the machine
will not work. They low cost, and easy to replace. TestResources does stock and will ship same
day as needed.

Fuse Over current to a system may blow a fuse. These can be purchased from multiple
different companies. Powerpack’s all have labels for fuse replacement.

4.11 Circuit diagram (schematics) for repair and troubleshooting

All Electrodynamic systems are custom built, and for that reason, all have custom wiring schematics.
TestResources log’s each wiring diagram for each system, and it is available upon request.

4.12 RMA

In the event of a failure on a system TestResources recommends that the system be send back to our factory
for diagnosis and evaluation. In some cases on-site repairs can be done, but often these are very expensive
and require multiple trips. Contact TestResources Sales, or Support to get an RMA number, and
instructions. Prior to shipping your system to TestResources a PO is required for the diagnosis and
evaluation. The cost is $350, and is included in the cost of any repair work.

See section on packaging to ensure safe transport to TestResources. TestResources is not responsible for
safe transport or insuring equipment against damage when shipped to TestResources.
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